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Contract No. NAS8-20813 
Covering the Period from 6 June to 5 July 1967 
This report covers work performed under Contract NAS8-20813 from 
contract initiation, June 6, through July 6, 1967. The purpose of the 
work to be carried out under Phase I of this contract is to determine the 
feasibility of changing the compensation point of a ferrimagnetic garnet 
by optical pumping. If such a technique is feasible, it will provide an 
approach to achieving a high density magnetic storage medium without the 
necessity of employing thermal writing processes. 
Both theoretical and experimental efforts are being carried out to 
provide the desired information. Two new men have been added to the group 
to strengthen the technical capability in specific areas. Mr. W. M. Winn, 
a doctoral candidate in physics at Georgia Tech, will be working approxi- 
mately one-third time with his efforts directed to theoretical predictions 
of the interaction cross-sections. In addition, Dr. David Hinson has 
joined the group for 3 months to initiate the optical absorption and emis-
sion measurement experiments. Dr. Hinson's experience is in the area of 
studying material characteristics through their optical properties. 
The following paragraphs briefly describe the progress to date in 
the individual areas. 
Theoretical  
The theoretical effort was initiated so as to obtain more insight 
into the underlying physical processes involved in the optical pumping of 
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the rare earth garnets. This is particularly important if it becomes 
necessary to synthesize materials which are magnetically sensitive to 
optical excitation and do not relax through strong lattice coupling. 
A detailed survey of the literature is being conducted in order to 
provide a basis for the required calculations. It is not yet clear exact-
ly what type of interactions are involved in excitation of the rare earth 
atoms. From spectroscopic information, it is clear that the transitions 
of interest are of an intra band nature within the 4f shell. However, 
the changes in quantum numbers violate the simple first order selection 
rules. Thus, calculations apparently must include spin-orbit coupling, 
wave function mixing, etc., in order to yield finite probabilities for the 
transitions involved. At present this work is continuing at a literature 
study level in order to acquire a more detailed understanding of the pro-
cesses involved. 
Experimental  
In order to measure the cross-sections and attainable pumping 
levels in the materials to be studied, an experimental facility is being 
assembled to measure optical absorption, reflection and excited emission. 
This apparatus includes a 1,000 watt, high pressure mercury vapor light 
•source, prism-type spectrometer covering 8,000 A to 2,500 A, and an en-
closed sample chamber with appropriate substrate mounts, shuttering capa-
bilities; and detectors. This apparatus should be operational during the 
latter part of July. 
The problem of measuring changes in magnetization from optical 
pumping is being attacked through two separate efforts. The first is 
through the design and construction of a very sensitive, fast-response 
torque magnetometer. Such an instrument is needed in order to make bal-
listic type torque measurements to determine magnetization changes. A 
ballistic measurement is desired since continuous radiation at the power 
densities required are not readily available. In addition, it is desir-
able to make measurements typical of the pulsed mode which will occur in 
memory operation. The design of this instrument is unique in the area of 
torque magnetometers and should provide a valuable addition to the field 
of magnetic instrumentation. The torque sensitivity is to be in the 
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(10 4 - 10-5 ) dyne-cm range with a first order time constant of 4. sec. 
The second method of measuring magnetization being investigated is 
by a M'Ossbauer experiment., Using the MOssbauer effect, it is possible to 
measure the change in hyperfine splitting resulting from the magnetic field 
associated with the electron spin system of an atom. In this approach, a 
measurement of the rare earth sublattice magnetization is obtained rather 
than the net garnet magnetization as with the torque method. Equipment to 
perform this experiment is already in existence. at Georgia Tech; however, 
we are currently studying the achievable sensitivity to determine whether 
useful information can be obtained with relatively low photon radiation 
available. Hopefully, a more detailed report on the feasibility of apply-
ing this technique to the optically pumped garnets can be made in the next 
monthly report. 
Another phase of instrumentation being added to the program is the 
growing of single crystal garnets. Initially, it had been planned to pur-
chase the desired materials. However, the flexibility of modifying mater-
ial properties as required appears desirable enough to warrant an in-house 
facility. As a result of this decision, information has been gathered and 
equipment is being ordered to provide this capability. It is anticipated 
that the first crystals will be available by late September. 
During this period, the Faraday apparatus furnished by M.S.F.C. 
for use in this research was transported via Georgia Tech truck to this 
laboratory. The apparatus has not yet been assembled; however, arrange-
ments axe being made for an additional room where the experiment can be 
set up with no interference from other activities. 
Future Work  
During the following month, efforts will continue toward developing 
a theoretical understanding of the physical processes involved in the opti-
cal pumping operation. 
Also, optical absorption data will be taken on a gadolinium sample 
presently on loan. 
Work on the development of the fast response torque magnetometer 
and crystal growing facility will be continued. 
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Gentlemen: 
This report covers work performed under Contract NAS8-20813 during 
the period July 6 through August 6, 1967. Phase I of the program is direc-
ted toward obtaining data on material properties and a theoretical basis of 
the processes involved in optically pumping a ferrimagnetic garnet. With 
this information the feasibility of an optically excited memory can be ob-
tained. Optical pumping, to effect a magnetic moment change, provides an 
'optical memory accessing technique not limited by lattice structure thermal 
properties of the material. 
In general, Phase I involves both experimental and theoretical 
efforts. Theoretically we are developing the techniques to determine tran-
sition probabilities involved in optical pumping. This work permits eval-
uation of the significant material parameters affecting the transitions of 
interest. The experimental program is essentially subdivided into the areas 
of fundamental and functional measurements. The first area involves study 
of the transmission, reflection and emission properties of the material. 
Functional tests are directed toward measurements of coercive force and mag-
netization as a function of optical pumping. 
Theory 
An effort to calculate transition probabilities for induced absorp-
tion in the rare earths has been undertaken with the hope of gaining some 
understanding of the processes involved in optical writing, and with the 
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intent of having a basic reference with which to compare experimental meas-
urements. To illustrate what is involved in these calculations, we present 
a brief description of the important features of the absorbing system, and 
discuss which features are important to the present application. 
We consider a rare earth ion situated in a crystal lattice and sub-
jected to an external radiation field. The Hamiltonian for such a system, 
in the central field approximation, consists of five principle parts. 
3-C =+ 3-C 	+ 	+ 	3- 
cf 	es so L 	R 
The first two terms are due to the central field and the electrostatic 
repulsion between atomic electrons, respectively. These two terms repre-
sent, for the Lanthanide series, the basic zero order Hamiltonian, and the 
principle correction to the atomic energy levels. In a calculation in-
volving only these two terms, the total orbital angular momentum L
2 
and the 
total spin angular momentum S
2 
are diagonal, and the appropriate coupling 
between atomic electron is Russell-Saunders. 
The third term in the Hamiltonian is the spin-orbit coupling and it 




. Consequently, with its inclusion, 
the appropriate electronic coupling is no longer Russell-Saunders, but in-
termediate. In the rare earths, energy splitting produced by this term is 
small compared to the electrostatic repulsion term, and the departure from 
Russell-Saunders coupling is not large. 
The fourth term in the Hamiltonian is the lattice, or crystalline 
potential. Its form depends on the symmetry character of the crystal lat-
tice, and its effect on the atomic system is to introduce configuration 
mixing; in which case the parity of the atomic states is no longer pure, 
and previously forbidden transitions become allowed. The energies of split-
ting associated with this term are generally much smaller than those of 
either the electrostatic or spin-orbit splittings. 
The fifth term represents the external radiation field responsible 
for induced absorption. 
Experimental evidence indicates that the principle contribution to 
the line spectra of the rare earths in crystals comes from electric dipole 
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transitions within the 4f shell of the atom. Such transitions are strictly 
parity forbidden unless one includes the lattice contribution in the Hamil-
tonian. In our particular application, we are interested specifically in 
"spin-flip" transitions in which the S quantum number changes by at least 
one unit. Such transitions are observed in the rare earths, and to account 
for them theoretically, it is necessary to include the spin-orbit term in 
the Hamiltonian. 
Present State-of-the-Art  
Calculations have appeared in the literature in which the energy 




+3rC so 	 (1) 
have been computed for the Lanthanide rare earths. These calculations can 
not be directly applied to our problem since the transitions of interest 
depend on the inclusion of the crystalline term 3CL. There are calculations 
in the literature which treat the lattice term in the approximation: 
= Kef 
	 (2) 
These approximations, however, do not include the spin-orbit coupling term 
responsible for the spin-flip transitions. Consequently, the calculations 
involved in our problem may proceed in either of two ways. First, we may 
use the states defined by (1) to compute matrix elements of1CL. The states 
defined by diagonalization of this matrix will then be used to compute the 
transition matrix elements of :KR. Second, we can use the states defined by 
(2) and compute matrix elements of 3-C so . Diagonalization then yields the 
appropriate states for the transition matrix calculation. 
Either of the procedures mentioned will probably require extensive 
application of Group techniques, and the diagonalization will require the 
use of a computer. Once the calculational procedure has been established, 
it can probably be applied to all usefUl members of the Lanthanide series 
without excessive alteration. 
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Experimental  
The basic optical facility for measurement of reflectivity, trans-
mission and emission became operational over this period and some initial 
reflectivity data obtained on GdIG. The sample presently being evaluated 
was obtained from Bell Telephone Laboratories, and little is known of its 
fabrication history. A larger sample is being prepared from a 1 cm dia-
meter single crystal obtained from the IBM Thomas J. Watson Research Lab. 
This crystal was groWn by an improved PbF 2 flux, technique. Our own crys-
tal growing facility is not yet in operation; however, it is anticipated 
that significant strides toward that goal will be made during August. 
A diagram of the optical measurement test facility is shown in Fig-
ure 1. For reflection data the arrangement of apparatus is as shown in the 
figure. For transmission measurement the sample holder is rotated so the 
sample is perpendicular to the light beam from the monochrometer. Addi-
tionally, the light pipe is rotated clockwise to intercept the transmitted 
beam. Finally, for emission measurements a second monochrometer is mounted 
at the auxiliary port with the PM tube attached to its output aperature. 
The sample is rotated so that maximum emitted light is intercepted at the 
auxiliary port. In this mode of operation optical pumping is affected by 
.monochromatic light emanating from the Gaertner monochrometer and the emit-
ted photon spectrum is analyzed via the monochrometer and photo multiplier 
tube at the auxiliary port. 
A plot of the reflection spectra for the GdIG sample presently being 
tested is shown in Figure 2. This data covers a range not previously pub-
lished, i.e., above 1.5 ev.
1 
However, it does not cover the range of major 
interest to us, namely, 3.5 ev to 5 ev. It is within this region that the 
electronic transitions of gadolinium take place. The data is limited to 
3.5 ev because of optical absorption due to a Glann-Thompson polarizer at 
the output of the monochrometer. This is being removed and unpolarized 
data will be taken over the entire range from 2.0 ev to 5.0 ev during the 
following period. No attempt to correlate the structure observed in this 
data with optical transitions has yet been made. The data is, however, 
reproducible and it is believed to indicate Fe electronic transitions. 
1 Wood and Remeika, "Effect of Impurities on the Optical Properties of 
Yttrium Iron Garnet," J. Appl. Phys. 38, 1044 (1967). 
The MSFC Faraday apparatus has been set up and is operating. In 
order to adapt the equipment to perform measurements of 3-Cc it has been 
found necessary to redesign the Helmholtz drive coils and this is presently 
in progress. Additional optics will also be required to insert the pump-
ing beam but no other additions should be necessary to perform the required 
measurements of this research program. 
A preliminary M.Lssbauer experiment has been designed to test the 
sensitivity limitations of this method for detecting the small moment chang-
es of optically pumped gadolinium iron garnet. In this experiment, spectra 
of FeS and Fe2C16 will be measured separately and in mixtures of different •  
ratios. Since iron exists as Fe
++ 
in FeS and Fe-1-4+  in Fe2C16 
the effects 
of a spin change in the 3d magnetic shell can be studied. Thus, in FeS the 
spin moment of the iron atoms will be four Bohr magnetons and in the Fe2C16 
 it will be five Bohr magnetons. By measuring the M15ssbauer spectra of mix-
tures of these compounds it will be possible to determine if the two spin 
moments can be separately identified. By varying the ratios of the two 
compounds it will be possible to estimate the minimum population redistri-
bution observable when optically pumping a sample of GdIG. 
These experiments are easy to perform and permit us to estimate the 
sensitivity of the MOssbauer measurement before setting up the relatively 
complicated experiment with GdIG. 
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Future Work  
During the following period reflectivity measurements up to 5 ev 
will be carried out in order to determine if the gadolinium electronic 
transitions do in fact occur. The crystal fabrication facility will be 
assembled. Work on the Faraday apparatus will continue with the goal of 
having an M-H facility operable by the next report. 
111-valiffed, 




E. J." Scheibner, Chief 
Physical Sciences Division 
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Attention: Mr. William J. McKinney 
September 19, 1967 
Subject: 	Monthly Progress Letter 3, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 6 August to 12 September 1967 
Gentlemen: 
This report describes the work performed under Contract NAS8- 
20813 from August 6 to September 12, 1967. The purpose of this research 
is to study the feasibility of optically pumping a ferrimagnetic garnet to 
cause a change in magnetic moment. 
The initial measurements phase is progressing nicely and initial 
reflection data is now complete. This is, to our knowledge, original data 
and will be submitted for publication in the future. Design of the furnace 
for crystal fabrication is now complete and parts are being ordered. De-
tails of these phases of the program as well as others are included in the 
following paragraphs. 
Optical Measurements  
Reflection measurements have been completed over the photon 
energy range of 1.5 to 5. 5 electron volts. The purpose of this data is to 





detected. This is the absorption transition which populates the 
6
P7/2 spin 
flip state of the gadolinium atoms. As previously discussed, transmission 
measurements are not possible in this energy range, on bulk samples, be-
cause of the high absorptions due to the band gap at about 2. 5 electron volts. 
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The measurements were performed in the spectrometer shown in 
the last monthly report. The data for unpolarized incident light is shown in 
Figure 1. The term unpolarized here means only that there was no polariz-
ing prism in the light path and hence we do not know the state of incident 
light polarization. The significant feature of this data is the very strong 
structure between 4.0 and 5.0 electron volts. Here we see a sharp peak at 
about 4. 3 ev followed by a significant dip. Since four to five electron volts 
corresponds to 32 x 10
3 




 it is highly likely that this struc-
ture is a result of the desired transition. 
It is also found, by examining the classical model associated with 
an optical transition that the structure is qualitatively of the correct shape. 
For example, the material can be described in terms of a complex polari-
zability 
( 1 ) 
where a' is the conventional real polarizability and a" can be shown to be 
ciw and corresponds to an absorption process. The conventional complex 
index of refraction N is then describable in terms a t and c/'. The real and 
complex parts of N are given as 
N = n-jk 
	
( 2 ) 
and since it can be shown that 
N
2 
= [ (1 + 47a 1 ) - j (2cr/V) 
	
( 3 ) 





= 1 + 4ira 
and 	 (4) 
nk = 2 rr cy . 
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Similar relationships exist between n and k and the complex dielectric con-
stant components e and e". Finally, since a n corresponds to a loss phe-
nomena it can be related directly to the conventional absorption coefficient 




Here w corresponds to the radiation energy density at any point x within the 
material and w
o 
is that value at the surface. The equation relating ri and 
II 







where X is the radiation wavelength in free space. 
The reflection from the air-garnet interface can be expressed in 
terms of n and k and this relationship is given by the Fresnel equations. A 
detailed description of this classical derivation can be found in P. Drude, 
"The Theory of Optics." Since the reflection coefficient R = f ( n, k, 0), then 
given two values of R at different known values of A it is possible to solve 
for n and k. Knowing n and k, equations (4) are used to find the real and 
imaginary components of the polarizability. Equation (5) yields the absorp-
tion coefficient once au is known. This computation can be repeated for dif-
ferent incident energies yielding the desired data of absorption coefficient 
versus wavelength. 
We expect the gadolinium to cause a peak in absorption at the critical 
energy of approximately 4.5 electron volts. As this energy is approached 
from the low side the real component of a associated with this transition in-
creases to a positive maximum then falls rapidly through zero to a negative 
maximum then decreases towards zero. Over this same energy range the 
imaginary component a il starts at zero and reaches a positive peak at the 
same energy where 	passes through zero. For increasing energy it then 
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decreases monotonically to zero. Using this qualitative structure in con-
junction with the Fresnel reflectivity expression one then predicts a peak in 
reflectivity at the energy where maximum ce' occurs followed by a dip as a n 
becomes larger than 1/47. This is only a qualitative characterization based 





and in general the reflectivity varies significantly with angle and polarization. 
It is however interesting to note that this is the characteristic strongly pres-
ent in the 70 ° reflection measurement using unpolarized light. 
The same characteristic is observable in the 4 - 4. 5 electron volt 
interval in Figures 2 and 3. These data correspond to light polarized paral-
lel to the plane of incidence. Figure 4 however exhibits a significantly dif-
ferent characteristic in this energy range. This is possibly due to the fact 
that 70 ° is very nearly equal to the Brewster angle for this material. 
Little additional information is available from this raw data at present. 
A computer program has been written to convert the data to values of n and k 
as a function of energy. From these the absorption coefficient can be deter-
mined. The program is about 90% debugged at the present time. Detailed 
information obtained from this analysis will be given next month but it appears 
now that the desired transition is observable and that the included data is the 
first to indicate this. 
The optical facility is currently being set up to perform an emission 
experiment on the garnet. In this test, the garnet is optically pumped with 
monochromatic light and the emitted light from the sample is scanned with an 
analyzing monochrometer. Initial data has already been obtained but no re-
portable conclusions can be made until it has been studied in detail. 
The Faraday apparatus from MSFC has been equippedwith a new set 
of drive field coils so that steady state M-H loops can be made at 60 Hz. It 
(n - 1) 2 + k
2 
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data versus temperature for 
garnet samples. The signal to noise ratio is very good and data obtained is 
reproducible. 
Crystal Growing  
Several furnace designs have been considered for producing the 
highly controlled 1300 °C temperature necessary to grow single crystal sam-
ples. We have tentatively fixed the design using a glow bar approach and 
component parts are now being ordered. The platinum crucible required is 
also ordered. A target date of November 15 for crystal growing capability 
has been set. 
Theoretical 
No details of the theoretical analysis of transition probability calcu-
lations can be made at this time. The required calculations are being form-
ulated and crystal field parameters and spin orbit coupling parameters have 
been obtained from the literature. This work will also require a computer 
program to be written. 
Future Work  
Major effort during the next reporting period will be devoted to ana-
lyzing the reflection data incorporated in this report and to obtain and analyze 
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National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: MX. William J. McKinney 
Subject: 	Monthly Progress Letter 4, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 12 September to 12 October, 1967 
Gentlemen: 
This report covers the work performed under Contract NAS8-20813 from 
September 12 to October 12, 1967. Efforts during this period have been 
directed toward experimental observation of the optical pumping phenomena 
yielding a change in the magnetic moment of GdIG. The experiments performed 
have been purely optical in nature because of the significant amount of in-
formation attainable with relatively simple hardware. 
Reflectivity and fluorescence measurements have been carried out on 
a sample of gadolinium iron garnet. As a result of these measurements we 
have determined the complex index of refraction for this material in the 3 
ev to 5 ev range. We have also identified a characteristic electronic ab-
sorption at approximately L.2 ev which might be associated with the desired 
gadolinium transition. This appears to be data not yet reported in the lit-
erature. The fluorescence measurements, designed to detect radiative emis-
sion from excited rare earth atoms has not, however, confirmed the existence 
of the excited state. 
MOssbauer spectra have been obtained for Fe
++ 
 and Fe +++ in the com-
pounds Fe 3O1  and Fe 203 . Although detailed analysis is not yet complete it 
appears that detection of the small volume fraction of optically pumped gad-
olinium would be extremely difficult. 
Design of the oven and temperature controller for crystal fabrication 
is now complete. Parts have been ordered and some initial fabrication be-
gun. The oven will be used to grow samples of dysprosium and terbium iron 
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garnets. These rare earths exhibit a transition energy of the 4-f electrons 
lower than gadolinium. In addition, they appear, from spectroscopic data, 
to have significantly larger absorption cross-sections. 
Optical Measurements  
The computer program for calculating complex index of refraction from 
reflection data has been debugged and is completely operable. We have used 
this program to calculate n and k, the real and imaginary components of the 
refractive index for a GdIG sample. In addition, the program calculates the 
absorption coefficient from the values of n and k.. 
Figures 1 through 3 show the reflection data obtained from the sample 
under test. Reflectivity was measured at three angles of incidence, i.e., 
70° , 45° , and 20° . The calculated absorption coefficient is shown in Figure 
4. Note the broad peak observed around 4.2-4.3 ev. This is the approximate 
energy of the prominent 4-f transitions of gadolinium. The separate peak 
occurring at 3.8 ev, however, is at too low an energy to be associated with 
the rare earth. 
We obserVe an absorption coefficient of 6.5 x 10
5 cm-1 to 7 x 10 5 
cm 
1 in the energy range of 3.7 ev to !.7 ev. It is interesting to compare 
this with data reported recently by MacDonald, Vogeli, and Mee, J. Appl. 
Phys., Sept. 1967, page 4101. They plot optical density, i.e., log10 IQ /I 
versus photon energy and show a relatively flat plateau between 32 x 10 J 
 cm-1 and 40 x 103 cm-1 (4 ev to 5 ev). At lower energies the absorption
decreases rapidly and at higher energy it increases rapidly. Our data 
agrees essentially with this structure although ours falls off for energy 
lower than 3.7 ev and rises at energies above 4.7 ev. Their plateau, 
therefore, is shifted about 0.3 ev toward higher energy. Employing their 
reported sample thickness of 0.1 micron, one can calculate the absorption 
coefficient for the published data. The result is a 3 x 105 cm-1 . This 
is lower than our value of 6.5 x 10 5 cm-1 by a factor of two. The agree-
ment is in general quite reasonable considering the fact that their meas-
urements were made by transmission through a polycrystalline garnet film 
and ours were made by reflection on a bulk single crystal specimen. 
The data reported by MacDonald et al is on such a scale that de-
tailed structure in the 4 ev to 5 ev range is not determinable. However, 
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they do give data of circular birefringence vs. energy which shows a large 
peak at 33 x 103 cm-1 (4.1 ev). This is very close to the transition we 
observe at 4.3 ev shown in Figure 4. They attribute the large Faraday ro- 






ions; however, no justification for this 
assignment is given. 
We can conclude there is reasonable evidence that the data re-
ported here is correct and that the absorption peak at 4.3 ev does exist. 




is, however, not yet clear. Figure 5 
shows plots of n and k as a function of photon energy. Note the shape of 
the curves are consistent with a broad transition frequency around 4.2 ev 
or 4.3 ev. In general, the magnitude of n is approximately 2 and that of 
k approximately 0.9. 
There are two factors associated with the absorption peak under 
discussion which leads us to believe it may not be caused by the gadolin-
ium. The first is that the width of the absorption peak is much larger 
than would be expected for the 4-f transitions of rare earth ions. From 
Gandy and Ginther (Appl. Phys. Lett., Vol. 1, No. 1, 1962) a half width of 
0.1 ev might be anticipated for gadolinium. We observe a width of approx-
imately 0.4 ev. Secondly, the absorption cross-section as estimated from 
the absorption data is much larger than Gandy and Ginther (op. cit) report 
for gadolinium doped glass. From Figure 4 it seems reasonable to approxi-
mate the "excess" absorption associated with the peak at 4.2 ev as no less 
than 0.5 x 10
5 
cm





N = incident photon density in photons/cm
2 
p = volume density of absorbing atoms 
c
a 
= absorptiot cross-section per atom. 
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. The resulting cross-section then becomes 
0.5  x 105 









This is at least 3 orders of magnitude greater than the values measured 
for gadolinium by Gandy and Ginther. 





should be detectable by a fluorescence measurement. Such an experiment 
was carried out with negative results. In this experiment the sample was 
pumped with light from the 1 kw mercury arc lamp described in previous re-
ports. The light was monochromated by transmission through two cascaded 
quartz prism monochrometers in order to eliminate spurious photon energies. 
A third analyzing monochrometer viewed the sample surface at an angle ap-
proximately 10° removed from the angle of incidence. Pumping photon energy 
was varied in discrete overlapping steps and at each step the analyzing 
monochrometer was scanned from the pump energy to about 1 ev. We were un-
able to observe any fluorescent emission in any of these runs. 
Evaluation of the sensitivity of this experiment indicates that 
conversion cross-sections of 5 x 10-18 cm2 would produce photon flux at 
least an order of magnitude above the noise level. However, for cross-
sections as small as those reported by Gandy and Ginther the emission would 
not be detectable. The main source of low sensitivity is the result of a 
rapid decrease in light output from the mercury lamp at wavelengths below 
280 milli microns. It is believed that this is the result of absorption 
by the cooling water. To overcome this problem an air coiled lamp assembly 
is being constructed. From measurements made on the original source it is 
estimated that this will increase the light output by a least 2 orders of 
magnitude. 
The problems of employing GdIG for optically pumping are associated 
with the fact that there are very large competing absorption processes 
which "rob" incident photons. These are apparently phonon producing pro-
cesses and hence raise the garnet temperature. This is the very process 
we want to avoid. In order to find a more suitable material we are now 
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directing efforts toward the preparation and evaluation of Dy and Tb iron 
garnets. Primary efforts for the following two months will be directed 
toward completing the crystal growing facility. 
Respectfully submitted, 




E. J. ScheAner, Chief 
Physical Sciences Division 
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National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: 
Gentlemen: 
Monthly Progress Letter 5, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 12 October to 12 November 1967 
This report covers the work performed during the period of October 
'12 to November 12. The work is continuing in Phase I of the above listed 
contract. This is a 9 month phase for determining the feasibility of opti-
cally pumping a ferrimagnetic material to effect a change in the magnetic 
moment. Such a change, occurring with the ferrimagnet temperature biased 
to its compensation point, causes a change in coercive force which can be 
exploited for memory applications. 
As mentioned in previous letters, the initial work on GdIG has 
provided a great deal of insight into the required material properties for 
such an effect to occur. First, one of the magnetic sublattices must be 
formed from an element which fluoresces under optical pumping. In addition, 
the lifetime of the meta-stable state from which the fluorescing transitions 
occur must be short enough for practical memory applications but long enough 
to keep required pumping power acceptable. Values of 10 -6 n T lo 4 sec- 
onds are reasonable for initial work. 
The rare earths gadolinium, terbium, and dysprosium satisfy these 
requirements. However, it has been shown that the energy level of the 
fluorescing meta-stable state of gadolinium is significantly higher than 
the band gap of gadolinium iron garnet. Thus, nearly all incoming photons 
are absorbed in the process of creating hole-electron pairs and these re-
combine through phonon generating processes. Little, if any, optical pump-
ing of the gadolinium occurs and the desired effect is not observed. 
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There are, however, other materials which offer promise of over-
coming these limitations and work is now being directed toward fabricating 
facilities to obtain samples of them. We are concentrating initially on 
dysprosium iron garnet since dysprosium has a spin flip meta-stable level 
near the band gap edge. The furnace for fabricating these crystals has 
been completed during this period and initial manual controlled runs have 
shown it will easily attain a temperature of 1300 °C, quite adequate for the 
conventional lead 	technique of growing these crystals. The attached 
photograph shows the oven and power supply. The oven chamber is a vertical 
tube 2-3/4" inside diameter and 8 inches long. The element is a commerci-
ally available coiled strap heater manufactured by Kenthal Corporation. 
The element is shielded by a ceramic outer liner and the whole assembly is 
then mounted in the steel shell housing. The element is rated at 1.5 KW 
at a maximum voltage of 28 volts RMS. In the photograph the platinum cru-
cible is shown positioned on the alumina hearth which can be raised verti-
cally into the tube. In the . growing process the appropriate oxides are 
sealed in the crucible and brought to a molten state at approximately 1250 ° 
 C. The temperature is then lowered very slowly in a controlled manner at 
approximately 1°C per hour. At 900 °C the hearth is lowered and the melt 
allowed to cool rapidly to ambient temperature. 
A digital controller has been designed in our laboratory to auto-
matically regulate and sequentially decrease the temperature of the oven. 
A block diagram of the controller system is shown in Figure 1. 
This unit will regulate to ± 0.5 °C and uniformally decrease the 
temperature over any selectable 400 °C range. The particular 400 °C range 
is selected by adjusting the regulated bias voltage in series with the 
thermocouple voltage. The net voltage of this series group is amplified 
by a chopper stabilized amplifier. This temperature dependent voltage is 
then converted to a pulse width by the ramp generator and coincidence de-
tector. 
Operation of this conversion is similar to that employed in many 
digital voltmeters. When the control logic activates the ramp "gate" line 
a controlled voltage-time ramp is started. The coincidence detector out-
put jumps to logical 1 as the range passes through zero volts and remains 
up until the ramp passes through the temperature dependent amplified 
William J. McKinney 	 -3- 	 30 November 1967 
voltage level. Thus, higher temperatures result in larger pulse widths. 
The pulse width from the coincidence detector activates a gate which 
transmits pulses from a crystal controlled oscillator. Each pulse incre-
ments the A register count by one unit. At the end of this counting period 
the control logic activates the gate line to the detector circuit and the 
accumulated count in the A register is compared with the reference count 
stored in the B register. If A < B a signal is sent to the triac control 
rectifier which subsequently allows one full cycle of 60 cps line voltage 
to be applied to the heater supply transfOrmer. 
The system is in essence an on-off feedback controller where the 
reference level is a binary number stored in the B register. This register 
is initially set at maximum count and if unchanged the temperature would 
regulate to a constant value associated with that count, (determined by the 
level of the regulated bias) for example 1250 °C. This reference level is, 
however, incremented down one count every 32 minutes by the 1 revolution 
per minute synchronous motor activating a micro switch. The 32:1 binary 
scaler produces an output transition once every 32 minutes. The gain of 
the system is adjusted to correspond to 0.5 °C per binary increment and 
hence the rate of controlled temperature decrease is approximately 1°C per 
hour. 
The sequence of sampling and gating takes place once every cycle of 
the line supply current and so a decision is made every 1/60th of a second 
as to activate or not activate the heater current during the next complete 
cycle. Power is supplied to the heater in single, complete cycle, incre- 
ments. Since this is a short time period compared with the thermal time 
constant of the oven, control is essentially continuous. 
The controller is being fabricated from RTL integrated logic mod-
ules on one printed circuit board is complete and populated. It is anti-
cipated the complete system will become operational during the next report-
ing period. 
In an effort to obtain a greater amount of information concerning 
excitation processes of the gadolinium atom in GdIG, an electron beam 
pumping experiment was initiated during this month. Of the wide variety 
of possible pumping techniques, photon and electron beam processes are the 
two most likely to have practical applications in memory systems. Recently 
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RCA reported achievement of ultra violet lasing action using zinc oxide 
pumped by electron beam bombardment. Lasing action occurred at an accel-




 . Fluorescence, however, occurred at much lower pumping density. 
They estimated that each incident electron excited 103 atoms in the zinc 
oxide. 
Our experiment was designed around the Acton MS-64 electron micro-
probe apparatus. This instrument provides a scanning electron beam of 
controllable incident energy and current density. The viewing optics in-
tegral to this machine are of the reflecting type except for the eyepieces 
and vacuum port. The vacuum port was replaced by a quartz, optically flat 
window. The normal binocular eyepiece assembly was removed and fixturing 
designed so that the Gaertner monochrometer could be mounted at the view-
ing port. Thus any fluorescence resulting from electron beam pumping is 
analyzed by the monochrometer and detected by a photomultiplier tube at the 
exit slit. 
In initial experiments on the sample of GdIG used for our previous 
measurements accelerating voltage was adjusted between 9,000 and 25,000 
volts. It was found that even. at the low potential, damage to the garnet 
occurred. Optical microscopy revealed the path of the electron beam as 
small surface "bubbles" apparently resulting from actual melting of the 
material. 
Strong fluorescence was observed at 31401 which is probably due to 
the spin flip meta-stable 
6
P7/2 state. However, this fluorescence could 
only be obtained at locations on the garnet surface where significant 
damage had previously occurred. due to electron beam heating. It seems pos-
sible that in these regions agglomerations of gadolinium metal may have 
occurred and it was this, rather than the garnet, which produced the radi-
ation. 
The reason for the lack of detectable fluorescence in the bulk gar-
net is not clearly understood. Although the energy of incident electrons 
was too large for a 1:1 resonance transfer it was anticipated that multiple 
excitations would occur to absorb the energy as reported in the RCA work. 
However, it is possible that excitation occurred at such a depth of pene-
tration that the resulting radiation was reabsorbed before reaching the 
surface. An approximate expression for the maximum depth of penetration 
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of an electron into a material is given as R = —19;-- where 
Eo 
= incident electron kinetic energy 
b = constant proportional to density of the material 
n = constant between 1.5 and :L.7 
This is known as Schonland's formula. From the tables presented in 
Schonland's original paper (Proc. Roy. Soc., London, A104, 235-47 (1923)) 
the.depth of penetration of the electrons at 18,500 volts accelerating po-
tential would be expected to be 1.3 x 10
-4 
cm. This is approximately an -
order of magnitude greater than the optical skin depth we previously meas-
ured at 31401. Thus, if excitation occurs predominately at the depth of 
penetration for the electrons we could not observe the resulting fluores-
cence. 
This experiment is being modified to permit pumping with lower energy 
electrons. In this new apparatus electrons from 1 ev to 1 Kev can be 
applied. Such energies will surely not damage the garnet. In this appar-
atus incident energies equal to the resonance of the gadolinium absorption 
level or multiples there of can easily be produced. This should provide 
a great deal of added information on the excitation processes. 
Future Efforts  
During the next reporting period efforts will be directed toward 
completing the crystal fabrication facility. In addition, the low energy 
electron pumping apparatus should be completed. Samples from the garnet 
material under test have been submitted to the analytical group for crys-
tallographic and compositional analysis. This data should be available 
next month. 
Respectfully submitted, 




E. e Scheibner, Chief 
Physical Sciences Division 
T ern,' ()couple jundiops 
Cold 	14d- 
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National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 NOV 1 1 1969 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 6, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 12 November 1967 to 12 December 1967 
Gentlemen: 
This report covers work performed under Contract NAS8-20813 which is 
directed toward development of an optically excited magnetic memory. Efforts 
are continuing to complete the crystal fabrication facility. This is a 
bottleneck at present to continuation of the measurements phase of the pro-
gram. A systems evaluation study has been begun to attempt a realistic eval-
uation of the present and future potential of an optical memory system. As 
a result of this effort a basic memory system design will be submitted which 
will be implementable at the current state of the art. Correlation of pre-
dicted and actual performance can be evaluated directly as a result of this 
effort. 
As a result of the total program work to date, it is believed that the 
basic concept of optically pumping is indeed valid but that a concentrated 
materials effort will be required to develop a satisfactory ferrimagnet. To 
this end it has been decided to expand the theoretical effort to provide 
better direction toward obtaining the optimum magnetic material. 
Crystal Fabrication 
The crystal growing furnace per se is complete and has been evaluated 
in manual run-ups. The maximum temperature is somewhat above 1300° C using a 
supply of 24 volts at 6o amps. A complete temperature profile along the tube 
length has been run. A special die press fixture has been constructed to 
permit pressing the constituent oxides into a pellet before melting. Discus-
sions with Dr. J. P. Hanton at Montana State University have revealed that 
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significantly larger crystals can be grown if the starting materials are 
first highly compacted. This die is machined to dimensions identical to the 
platinum crucible used to grow the crystals. Compacting forces of.up to 
several tons may be applied. The die is split so that after compaction, the 
crucible shaped pellet can be removed by die disassembly. 
Some redesign on the temperature controller and slow delivery of some 
integrated circuits has delayed completion of this instrumentation. Most of 
the design has, however, been checked on the Georgia Tech digital synthesizer. 
and modified as necessary to provide the required performance. We believe 
this controller to be a significant improvement over any commercially avail-
able today. 
Test Facilities  
The vacuum system for low energy cathodeluminescence studies has been 
completed and pumped down. With no cold trapping the system reaches about 
8 x 10
-5 Torr. The pump employed is a 1-i" CVC Model MB10-01 oil diffusion 
pump, with a heater power of 150 watts., Since the electron gun planned for 
the system has an oxide coated cathode it seems desirable to add some form of 
cryogenic trapping and pumping capability. This will be added in the form of 
a liquid nitrogen reservoir located in the input throat to the chamber. 
The gun to be installed in the system is one being developed at Georgia 
Tech primarily for TEED work. It is a self focusing design using a cylindri-
cal lens system. The beam stays in focus over an accelerating voltage range 
of from approximately 1 to 1000 volts. 
System Analysis  
The initial system effort .has involved literature reviews and searches 
to collect necessary background data on previous optical memory systems. Of 
major initial concern are problems of determining basic system organization 
in view of the density and resolution requirements. While most approaches 
presently being considered involve single bit addressing because of simplicity 
it is apparent that this is a very inefficient process. Initial work, how-
ever, indicates that there is no obvious alternative. This general problem 
is receiving additional attention. The optical deflection operation is still 
and will probably continue to be a major limitation in beam steered memories. 
Theoretical Work  
Our initial theoretical work was directed toward investigating tech-
niques which would provide valid transition probability calculations. We have 
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come to realize that this, while solvable in principle, is not practical for 
the needs of this program. That is, the amount of time and expense involved 
is too large in relation to the significance of the result. Information of 
this type can be better obtained experimentally. It seems, however, that we 
do need the capability of estimating, with reasonable accuracy, the atomic 
energy level structure of the various ions in an insulating lattice. This 
would permit a preliminary evaluation of various materials without having to 
actually grow, then experimentally evaluate, each one individually. The gen-
eral problem is one of being able to predict the relative energy transitions 
of spin flip processes in contrast to charge transfer processes. We know for 
example that there are some transition metal oxides, Ni0 for example, where 
the charge transfer levels are greater than 3.5 ev. In GdIG such transfer 
processes occur at approximately 2.5 ev. In fact a complete solution of the 
GdIG energy level system is still not available. The results of this effort 
should permit us to perform a rather rapid evaluation and relative merits of 
the various materials potentially capable of being optically pumped. 
Future Work  
Efforts will continue toward completion of the oven controller. At 
this point in time no hard estimate of an operational date can be made. Work 
will continue in compiling and organizing data associated with performing the 
system design. Finally we are starting to gather information providing a 
background in permitting calculation of energy levels of ions in an insula-
ting lattice. 
Respectfully submitted, 




E. il./"Scheibner, Chief 
Physical Sciences Division 
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Budget Structure as of November 1, 1967 
Personal Services  
Budget 	 $17,537.00 
Expended 8,742.16 
Materials & Supplies 
Budget $ 1,950.00 
Expended & Encumbered 1.121.15 
Travel 
Budget $ 	300.00 
Expended & Encumbered 142.41 
Overhead 
Budget $ 9,996.00 
Expended 4,983.00 
Free Balance  $15,004.26 
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2215 North Avenue N. -N.A.7". 
Atlanta, Georgia. 30332 
(404) 873-4211 Ext. aao 
National Aeronautics and Space Administration 
George C. Marshall. Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 7-8, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory " 
Contract No. NAS8-20813 
Covering the Period from 13 December 1967 to 12 February 1968 
Gentlemen: 
This report covers work performed under Contract NAS8-20813 during 
the two month period of December 13, 1967 to February 12, 1968. The purpose 
of the contract is to determine the feasibility of optically pumping a mag-
netic oxide in order to alter its magnetic moment. Demonstration of this 
phenomena would open the way for development of high density bulk memory for 
space born computers. 
Efforts over this period have been devoted to system analysis, mater-
ial studies and continual development of the crystal growing furnace temper-
ature programmer. A systematic approach to the systems analysis problem has 
been established involving a card file system. In this way a Imriety of in-
dependent areas may be analyzed separately while relating directly to the 
overall problem solution. A new concept has been conceived relating to the 
type of material desired for optical pumping. This involves the use of an 
anti-ferromagnetic material rather than a ferrite temperature biased to its 
compensation point. Finally we have completed fabrication of approximately 
75% of the temperature controller. Most Of this has been checked and is cur-
rently operating. The analog•to-digital conversion card required the great-
est effort but recently completed temperature evaluation experiments show it 
operates at the specified accuracy over an ambient temperature range of 
greater than 30° F. This is a much larger swing than is encountered in the 
laboratory environment and hence desired accuracy should be adeauately main-
tained over the extended periods of growing the materials. 
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Details of the work in these areas are included in the following 
paragraphs. 
Theoretical Considerations  
One of the most exciting results of our current work is the evolution 
of a new concept in the type of material required to perform in the optical 
pumping experiment. This concept is based on use of an anti-ferromagnet rather 
than a ferrimagnetic operating at its compensation point. We have previously 
discussed the problems of applying GdIG to the optical pumping experiment. 
These revolve around the fact that competing photon capture processes are so 
large that non-radiative transitions predominate. Thus even if optical pump-
ing was existent, one would be limited primarily by thermal time constants 
since the garnet must be stabilized at its compensation temperature. 
Consider now, however, an anti-ferromagnet operating well below its 
Neil temperature. This material will be magnetically compensated over a wide 
range of temperatures and thus non-radiative transitions within its atomic sys-
tem will not alter the magnetic state through phonon interaction. However, it 
should be possible to pump magnetic electrons into spin flip states in a man-
ner similar to that proposed for the rare earth garnets. In general, the 
anti-ferromagnets are single element oxides, e.g., Mn 203 , Ni 203 , etc. In a 
material of this type the two magnetic sublattices are composed of identical 
atoms, distinguished by the fact that they have different lattice symmetry, 
e.g., octahedral vs. tetrahedral. The difference in energy level splittings 
does not however appear to offer a satisfactory means of selectively exciting 
only one sublattice. In a material of this nature optical pumping of electrons 
into spin flip states would occur in both sublattices simultaneously and the 
material would remain magnetically compensated. There are, however, several 
families of antiferromagnets which are composed of two element systems. An 
example of this is 
Co3-x 
 M OL which is anti-ferromagnetic at X 0.8. This nx 4 
same effect occurs in several oxides containing Mn and is the result of a tet-
ragonal distortion created by the size of the Mn
+++ 
atom. 
It is an established fact that manganese exhibits a spin flip transi-
tion at an incident photon energy of about 2.2 ev. Johnson and Williams 1 for 
example using resonance techniques measured the change in moment of Mn atoms 
under optical excitation. They found that the moment of the excited atoms was 
1 Williams, F. E., "Solid State Luminescence," Advances in Electronics, 
 (1953). 
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approxiMately one Bohr magneton less than those in the ground state. Using 
an anti-ferromagnet of this type it should thus be possible to uncompensate 
the spin system locally by optically pumping the Mn atoms. 
It appears that these materials offer several advantages over the 
ReIG and in fact over temperature compensated ferrites in general. For exam-
ple, the spin flip excitation energy is lower for Mn than any of the rare 
earths. This means that there is less chance of having to compete with charge 
transfer or inter band conduction producing transitions. Additionally, since 
moderate temperature variations will not affect the general magnetic system, 
the occurrance of radiationless transitions will not cause problems associated 
with thermal time constants. This also means of course that it is unnecessary 
to maintain a tight temperature control on the magnetic material as with a 
temperature compensated garnet. This is especially appealing when considering 
memories for space applications. These are significant advantages and we are 
directing our study toward a more thorough examination of these types of anti-
ferromagnetic oxides. 
Temnerature Controller  
Included in this report is a description of the boards and circuits of 
the controller which have been checked out to date. In addition to these, one 
other board is completely fabricated but has not yet been operated. Results 
of its performance will be discussed in. the next report. 
Timing Circuit: Figure 1 shows a diagram of the timing circuit and 
the generated waveforms. The entire logic system is synchronized to the 60 
cps line as discussed in a previous report. Essentially a temperature sample 
is taken during the positive half cycle and the sample compared with the ref- 
erence during the negative half cyOle. Levels A and B are used throughout the 
system to gate on these respective operations. Pulses T1 and T2 precede these 
levels to perform initiating functions. 
The resistor-zener diode network on the transformer secondary simply 
clips the voltages to below 4 volts. Diodes D1 and D2 provide a 0.7 volt off-
set allowing a dead space around the zero crossings. This dead space is used 
to generate the T l and T2 pulses. Flip flops FF1 and FF2 are used to provide 
sharp transitions at the edges of the desired levels and normalize amplitudes 
to the remainder of the logic. A little study reveals that the flip flops 
produce (A and A) and (B and 	as drawn on the timing diagram. The triangular 
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elements are simple invertors and the half circles represent conventional 
positive true NOR logic gates. When these elements are used as negative 
true NAND gates they are diagrammed with a dot, e.g., G1 and G2 . Flip flop 
FF3 is used to separate pulse T1 from Tp . Both of these pulses are logically 
defined by A • B. The separation is effected by gating them according to the 
previously existing level. Thus when level B is high FF3 is in a state such 
that G2 is gates on and G1 
 is gated off. FF3 remains in this state during 
the succeeding dead space interval where A • B = 1, yielding an output at T1 
 and nothing at T2 . Just the opposite occurs when A level goes positive. The 
output of this circuit controls the remainder of the system. T 1 and T2 are 
approximately 500u sec duration. 
SCR Power Switch: This circuit is designed to provide power in full 
cycle intervals. This is necessary since the oven heating element is supplied 
through a transformer and it is desirable to prevent high transient currents 
by starting and stopping currents at zero voltage. Operation is quite simple. 
Assume the trigger SCR, SCR3 is biased non conducting. Then as the ac supply 
starts to increase during the positive half cycle SCR2 is triggered on by 
current through R1 . This occurs within only the first few volts of the cycle. 
SCR2 conducts the load current through diode D2 during the entire positive 
half cycle. A small but non negligible current is established through Ll dur-
ing this interval due to the finite voltage drop across Dl. As the negative 
half cycle begins SCR2 reverse biases and cuts off. The current flowing 
through Li must thus flow into the gate terminal of SCR1 turning it on and 
allowing a conduction path during the negative interval. Note that once this 
cycle starts, i.e., once SCR2 fires, it will continue for the complete period 
regardless of the state of SCR3. If SCR3 is still off as the next positive 
half cycle begins the cycle will repeat. If, however, SCR3 is gates on some-
time during the period of conduction the next cycle will be open circuited. 
This happens because with SCR3 conducting SCR2 is prevented from triggering 
during the positive half cycle. 
In the controller being built, the state of SCR3 is determined during 
the negative half period of each supply cycle, i.e., during the timing period 
B. Thus power is delivered to the heater element in one cycle increments. 
Analog to Digital Converter: This circuit, one of the most fundamental 
to the system operation caused the greatest debugging problems. Basic opera 
tion is straightforward. A temperature dependent voltage appears at the out- 
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put of Al as a result of adding the sum of a thermocouple emf and an offset 
voltage from the zener-regulated bias circuit. This temperature dependent 
voltage acts as a reference level at the comparator 0A3. It is always a neg-
ative value ranging from zero to approximately -6 volts. The other compara-
tor 0A2 has a ground reference. 
Normally logic level A is at +3 volts holding transistor Tl conducting. 
This connects the 180 K input resistor of the integrator °Al to -15 volts, 




Limiting is necessary because of the fact that most 
operational amplifiers hang-up when allowed to saturate to supply voltages. 
In the steady state then, the summing nodes to both comparators are positive. 
Since 0A2 is connected as a non inverting (NI) amplifier its output is high, 
i.e., +15 volts. 0A3 however, connected in an inverting mode, has a low out-
put, i.e., -15 volts. 
When the A timing interval begins A = 0 volts and Tl becomes non con-
ducting. D2 becomes reverse biased and the integrator sees the zener voltage 
V(Z1) through 550 K. The output of OA1 is thus a negative going ramp. When 
the ramp voltage equals the temperature sensitive voltage from Al, comparator 
0A3 snaps to +15 volts. This causes FF1 to change states gating Gl on and 
allowing the passage of oscillator clock pulses to the output terminals. The 
system remains in this state until the ramp from °Al passes through zero volts. 
This causes 0A2 to snap negative resetting FF1 to its original state and in-
hibiting Gl. The number of output pulses are thus directly proportional to 
the temperature voltage. 
Features of this design are its relative simplicity as compared for 
example to a two-step up-down integration scheme. Since the comparators are 
identical, a shift in offset voltage with temperature should be similar in 
each tending to eliminate any error. Also, since the zener voltage is used 
both as a thermocouple bias and the integrating source self-compensating 
effects occur for slight temperature caused variations in this potential. 
The stability of the zener voltage and the output of Al are extremely 
important. The diode chosen is a high stability Motorola unit and the ampli-
fier Al is chopper stabilized providing an offset drift of less than l u volt 
per degree C and exceptional long term stability. 
A series of evaluation tests have been made on this circuit using a 
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Berkley ETUT meter to measure pulse width variations and output count over a 
range of temperatures in excess of those encountered in the lab. The output 
count is constant to within ± 1 part in 10 3 which is the accuracy desired for 
this application. 
The comparator board is completed and ready for evaluation. One addi-
tional board containing the storage registers must yet be fabricated. Pro-
gress toward completion of the entire facility will be reported again next 
month. 
System Analysis Effort  
Our collection of reprints, references and notes on many and varied 
aspects connected with our work on system considerations of a magneto-optical 
memory was growing unmanageably. This collection includes items on basic 
material properties, optical systems that might be associated with the memory, 
and switching circuits. Several man-days were spent to take the measure of 
these items and to search for a systematic arrangement in which they might be 
placed. 
A tentative outline was set down that was to serve as a basic table 
of contents for a file of 5 x 8 inch cards. An attempt was made to fill in 
a small part of the outline by summarizing certain formulae and notes onto 
cards keyed to the general outline and to the references from which they were 
drawn. 
On the basis of this experience, the proposed framework is presently 
being reviewed with the purpose of modifying the present outline to best 
serve our purposes, or possibly, to decide to attempt organization along 
some other line. 
Future Work  
Work will continue toward completing the temperature controller. It 
is anticipated this will be continued during the following month. Specific 
details for formal energy level calculations will be formulated and this work 
begun. We hope also to re-establish the reflection measurement apparatus in 
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Budget Structure as of 1 February 1968 
Personal Services  
Budget 	 $17,537.00 
Expended 14,717.71 
Materials & Supplies  
Budget 	 $ 1,950.00 
Expended & Encumbered 	 1,562.08 
Travel  
Budget 	 $ 300.00 




Free Balance  
FLG/srt 
Approved: 
E. 	 cheibner, Chief 
Physical Sciences Division 




F. L. Grismore 
Project Director 
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Materials & Supplies 
Budget $ 1,950.00 
Expended & Encumbered 1,562.08 
Travel  
Budget 	 $ 300.00 
Expended & Encumbered 	 192.45 
Overhead 
Budget $ 9,996.00 
Expended 8,389.08 
Free Balance  $ 5,131.68 
Respectfully submitted, 




E. J. cheibner, Chief 
Physical Sciences Division 
S.NGINEERING EXPERIMENT STATIOti 
GEORGIA INS'TI'TU 'T'E of TECHNOLOGY 
3 1-1.3rsical Sciences ni-v-ision. 2 May 1968 
828 Worth. -Avenue N.W. 
Atlanta, Georgia. 30332 
(404) 673-4311 lEzt. 230 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 9, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-208l3 
Covering the Period from 6 March to 5 April 1968 
Gentlemen: 
Work during this period has concentrated on bringing the furnace 
and controller into an operational condition. In order to complete this 
task an analog reference has been incorporated to replace the digital reg- 
ister originally designed into the controller. This has greatly facili-
tated completion of the controller, which is now complete and running. We 
have performed operational checks on the accuracy of temperature regulation 
and find it agrees with the design estimates of ± 0.2° C around the nominal. 
Temperature cooling rate is adjustable but present operation is at 0.9'C/hr. 
A sketch of the system is shown in Figure 1. 
The temperature reference in this controller is derived simply from 
a motor driven potentiometer connected across the high stability zener 
diode. This same zener provides a regulated offset voltage to back out the 
thermocouple signal at maximum temperature. Thus as the reference pot is 
driven to deliver greater positive voltage, oven temperature must decrease 
to maintain the thermal controlled voltage equal to the reference. The 
comparator is logically synchronized with the 60 — line supply so that only 
full cycle intervals of heater current are delivered. This reduces elec-
trically generated system noise by eliminating high di/dt intervals. The 
thermocouple amplifier has turned out to be the most critical element in 
the controller. It was found very difficult to achieve a high degree of 
stability and noise rejection while maintaining a gain of nearly one thou-
sand. Noise pick-up on the thermocouple leads was a particularly frustrat- 
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ing problem, however combinations of proper shielding and appropriately 
placed low pass filtering has resulted in a quite acceptable design. Long 
term drift of the amplifier is much less than the programmed temperature 
change and the room ambient is maintained to within ± 3 ° C to minimize tem-
perature induced variations. 
The first crystal growing run was begun on April 3, and will be 
completed on about April 18. Crystal cutting and polishing facilities are 
available within the Solid State Branch. The first run, now under way is 
constituted to grow dysprosium iron garnet. As discussed in the interim 
report only DyIG and TbIG are considered as being potentially useful for 
the desired pumping process. During the month we received the previously 
ordered Tb203 and a run to grow terbium iron garnet will be started as soon 
as the DyIG run is complete. 
The measurement apparatus is being re-configured to allow more pre-
cise reflection and fluorescence data. This includes an air-cooled 1 kw 
mercury arc lamp with much higher output in the U.V. spectral region than 
was available when the GdIG data was taken. This is especially important 
for the fluorescence measurements where high incident flux is necessary to 
overcome dark current noise in the photomultiplier detector. 
The interim report has been nearly completed and should be released 
during the following reporting period. 
Respectfully submitted, 





E. 	Scheibner, Chief 
Ve" Ai  
Pkrsical Sciences Division 




















ENGINEERING EXPERIMENT STATION 
GEORGIA INSTI'TU'TE of 'I' C 1\1' C_L, GrY 
)h.ysica,1 sciences Division 	 4 June 1968 
226 North Avenue 
Atlanta, Georgia aoaaa 
(404) 270-4211 3EC,ct. 220 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 10, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 6 April to 5 May 1968 
Gentlemen: 
During the last period the crystal growing furnace and controller 
became operational and the first run was started. The results of the run, 
which was completed during this period, were quite satisfactory. The melt 
yielded one crystal with a long axis of nearly 2 cm plus a number of crys-
tals measuring approximately 0.5 to 1 cm. Several slices have been re- 
moved from the big crystal using a 10 mil diameter wire saw. The surface 
of one slice has been prepared for reflectivity measurements by successive 
lappings on wet paper followed by polishing on a wheel polisher. 
Samples have been provided to the analysis laboratory for spectro- 
scopic analysis and crystallographic orientation information We are also 
providing several samples for an x-ray topography study to determine the 
feasibility of observing domain structure by this technique. In this 
approach domain walls are often visible using low angle Bragg reflections 
because of the magnetostrictively induced change in d-spacing. This effect 
is caused by the large field gradients occurring near a domain wall. If 
walls are indeed visible it may be possible to obtain data on wall mobil-
ity and switching thresholds in bulk single crystal samples Since all 
previous data on wall characteristics has been obtained by Faraday meas-
urements on mechanically polished samples this will provide added insight 
into the intrinsic magnetic characteristics of the magnetic garnets. 
This first completed batch of crystals is DyIG. Dysprosium was 
chosen because it exhibits the lowest energy spin flip optical transition 
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of all the rare earths. While we expect terbium to exhibit a longer ex-
cited state lifetime, dysprosium has a somewhat better chance of being 
excited by photon energies below the band gap energy of the basic iron 
containing garnet. 
A run to grow terbium iron garnet was started, but was curtailed 
within 24 hours as a result of the furnace heating element burning through. 
This was apparently caused by the corrosive action of the lead fumes es-
caping from the crucible during the first run. In order to overcome this 
problem we intend to add a ceramic liner to the furnace to protect the 
heating element. In the interim we have been able to adapt the controller 
to another furnace in our lab. Thus the run has been started again and 
will be completed during the following reporting period. This furnace is 
not as ideal for growing crystals as the one we designed because it is an 
annealing oven with a large capacity chamber and requires a large power 
input. As a result, direct SCR control of the primary power was not pos-
sible and it has been necessary to actuate a contactor with the controller 
output. This contactor in turn delivers power to the furnace heater ele-
ments. Because of the mechanical limitations of the contactor it is im-
possible to regulate the temperature as closely as with the other oven. 
We have chosen to regulate to ± 0.5 degree; this being a compromise be-
tween contactor cycle period and crystal growing considerations. A second 
limitation with furnace is that proper temperature gradient i.e., the top 
of the crucible 10° C to 15° C hotter than the bottom, is difficult to 
achieve. Nevertheless, we anticipate some useable crystals to be grown 
and since time is of the utmost importance we cannot afford the delay of 
rebuilding the burned out furnace. 
As reported last month the optical measuring apparatus is being re-
designed to provide more accurate and meaningful data. This design is now 
complete and has been submitted to the shop for fabrication. A number of 
improvements have been incorporated into the apparatus, resulting in more 
accurate alignment of the sample and greater reproducibility of angular 
settings and measurements. We have used a concave reflector for imaging 
the light source on the monochrometer rather than a quartz lens. ThiS 
overcomes the difficulties associated with the variation of focal length 
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with wavelength in a lens system. The sample holder and photomultiplier 
mount have been constructed as an integral assembly with accurate pin 
registration of incident and reflecting angles. A complete description 
of the equipment will be included in the final report. The apparatus 
should be operational next month and we hope to complete the basic opti-
cal reflection measurements on DyIG and TbIG during that period. 
Respectfully submitted, 




(WE. J. Scheibner, Chief 
Physical Sciences Division 
(1? 
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eas North _Avenue N.W. 
..A.tle.nta, Georgia 30332 
(4041 673-4211 Ext. 220 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
?>/ 
Subject: 	Monthly Progress Letter 11, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 6 May to 5 June 1968 
Gentlemen: 
This contract is directed towards investigation of optically pump-
ing a magnetic material to effect a change in the net magnetic moment. 
Successful demonstration of this phenomena will provide the basis for 
development of a magneto-optic memory which is not speed-limited by ther-
mal time constants. 
This phase of the contract was initially planned as an overall 
systems evaluation of a memory employing optical pumping. However, after 
reviewing the progress of work with Mr. G. A. Bailey it was decided that 
the program should continue to address itself to a study of the basic phe-
nomena. Delays in crystal fabrication during the first part of the con-
tract had limited our experimental investigations to only GdIG. Since 
TbIG is the most promising of the rare earth iron garnets, it was decided 
that more experimental work was necessary. 
We are therefore directing the effort of this third phase to two 
main experimental efforts. 
1. Detailed optical absorption measurements of TbIG and DyIG in 
the energy range surrounding the rare earth transitions. 
2. Pumping experiments employing the MSFC Faraday apparatus modi-
fied by the addition of a second light source. 
Several additional crystal growing runs are planned to study the relation-
ship of the rare earth spin flip transition energy to the observed "band 
edge." 
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During this month progress was somewhat limited due to vacation 
periods by investigators. The shop completed work on the new reflection 
measuring apparatus and we have begun assembling this experiment. In re-
viewing our original data it was concluded that the observed breadth of 
absorption lines could be due to poor angular resolution of the experi-
mental apparatus. This new set-up has been designed to provide us with 
much more refined data and as a result we hope to gain detailed knowl-
edge of the important rare earth transitions. In addition to the improved 
angular precision of this apparatus we employed the air-cooled 1 kw mer-
cury arc lamp developed during Phase II. This lamp provides us with at 
least two orders of magnitude more light in the high energy range thus 
permitting much greater detail than was previously possible. 
The crystal growing oven temperature controller was rebuilt this 
month, consolidating the several boards and sub-chassis into a single 
assembly. This controller has been duplicated by other groups at Georgia 
Tech and has proven to be a very capable instrument. 
Because the "band gap" absorption is of such critical importance 
to the proposed phenomena we are again looking at the effect from a theo-
retical point of view. Recent work in molecular orbital theory has led 
us to believe that fairly accurate qualitative results can be obtained by 
considering the octahedral and tetrahedral iron sites as molecular enti-
ties. Applying molecular orbital theory as outlined by Balihausen and 
Gray (Molecular Orbital Theory, Benjamin, 1965) it appears possible to 
adequately describe the transition involving all iron and oxygen atoms. 
Work is now being started to develop the computer programs necessary to 
carry out these calculations. An important asset along these lines is 
the recent work of Synick sponsored under W.A.D.C. research grants. His 
calculations for the iron ion in various excited states are the most ac-
curate of any to date. Without this accuracy our calculations could only 
be qualitative in nature. 
Future Plans  
During the following month we hope to have the optical reflection 
apparatus operational. Data will be available as soon as this equipment 
is properly aligned. Work will continue on the development of a satis-
factory molecular orbital calculation. 
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Finance (Thru June 1968) 
Budgeted 	 Expended  
Personal Services 	 $32,885.00 	$20,187.87 
Material & Supplies 	 2,400.22 	 2,240.22 
Overhead 	 18,744.00 	 10,931.00 
Miscellaneous 	 940.00 	 745.06 
(Computer, Travel, etc.) 
Respectfully submitted, 




E. 4/Scheibner, Chief 
Physical Sciences Division 
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National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
December 3, 1968 
• 
NOvi 1 1969 
r\_ 
Subject: 	Monthly Progress Letter 12, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 6 June to 5 July 1968 
Gentlemen: 
This report covers work performed on project NAS8-20813 directed 
towards the goal of achieving memory read-write operation by optically 
pumping an optically-active antiferramagnet. The period herein reported 
is from June 6 to July 12, 1968. 
Experimental  
We had anticipated that operational status of the reflectivity 
apparatus would be achieved during this period. Equipment failures how-
ever have prevented this from taking place. During the initial run, the 
power supply choke for the mercury arc lamp became hot and it was found 
to be underated for the lamp being used. Several alternate arrangements 
were tried in order to achieve a satisfactory power supply but to date 
none have been successful. In the process of this work, the lamp itself 
failed and the spare lamp was broken during the process of replacing the 
one burned out. 
New lamps have been ordered and should arrive during the following 
report period. In the meantime we have made arrangements with the Physics 
Department to borrow their power supply and a spare lamp. 
Several features have been added to the equipment to facilitate 
alignment and control of light intensity. It was found that instabili-
ties in photo-multiplier current readings were the result of high light 
intensity under some measurement conditions. To control incident light, 
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we have added two additional polarizers. Adjusting the relative angle 
between these two polarizers allows control of extinction over several 
orders of magnitude intensity. Except for the lamp the system is now 
operational and we anticipate data on GdIG to be available during the 
next reporting period. 
Theory  
In Progress Report 11 it was related that molecular field theory 
was being applied to attempt a detailed understanding of the absorption 
band edge at about 2.5 ev in the rare earth iron garnets. In this let-
ter a brief outline of the general approach being taken is presented. 
A. Crystal Field Theory  
The first and crudest approach used to study the effects of plac-
ing an ion in a solid is that of crystal field theory. In this approach 
the ion is viewed as if it were in space as a free ion except that it is 
in an electrostatic field resulting from the surrounding charged ions on 
adjacent lattice sites. This electric field is assumed to be small with 
respect to the internal ionic forces and thus may be considered as a per-
turbation potential on the free ion. The result is that the free ion en-
ergy levels are split and a redistribution of electrons take place at the 
new energy levels of the perturbed ion. 
It is generally found that a rigorous 'calculation of the perturb-
ing field due to adjacent atoms, is not possible. A major reason for 
this is the distributed nature of the charge at the atomic sites. If how-
ever the perturbing atoms could be considered as point charges the poten-
tial could be calculated with any desired degree of accuracy. For example 
if the ion in question is surrounded by six perturbing ions located at the 
corners of a cube then the potential in the vicinity of the first ion would 
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where 
	
R = distance from ion to the perturbing point charges 
e.=magnitude of charge at perturbing sites. 
x, y, z, r = coordinates of electron 
(HAA-E) HAB HAC 
HBA (HBB-E) HBC HBD 
HCA HCB (HCC 
-E) HCD 
HDA HDB HDC (HDD-E) 
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While the exact potential cannot be accurately calculated, its 
symmetry is that of the point charge distribution and in actual calcula-
tions the spatial expression in curved brackets is employed with an ad-
justable coefficient D to control the magnitude. 
To find the state functions (eigenfunctions, or wave functions) of 
the perturbed system it is first assumed they can be expressed as a linear 
combination of the original unperturbed wave functions. This is valid 
since a characteristic of a complete orthogonal set of functions is that 
they may be used in linear combinations to form any other well behaved 
function in the same space. Using a truncated approximation, for example 
four terms, it is then possible to write the perturbed state functions as: 
KA1 KB1 KC1 KD1 
KA2 KB2 KC2 KD2 
KA3 KB3 Kc3 KD3 
KA4 KB4 Kc4 KD4 
where 	V1 , V2 --- are the perturbed state functions 
VA' VB1 --- are the original unperturbed functions 
and the K's are coefficients which must be determined. These latter are 
found by the variational method. Applying the variational principle to 
these assumed solutions it is easy to show 1 that the optimum values of 
the K's, i.e. the ones which lead to an energy minimum are given by the 
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where the H's represent "matrix elements" given as 




- j 	* B (Vcrystal field)YAdT etc. 
all volume 
In the above, dT is the infinitesimal volume element. 
Since the unperturbed wave functions are known the matrix elements 
can in principle be evaluated, resulting in a number. This is assuming we 
could actually express the crystal potential completely. Now for the above 
matrix equation to hold for non-zero values of the K's it is necessary that 
the determinant of the H 
called a secular equation: 
matrix must be zero. 	This 
(HAA E) 	HAB 	HAC 	HAD 
HBA 	(HBB-E) 	HBC 	HBD 
HCA 	HCB 	(HCC -E) 	HCD 
HDA 	HDB 	HDC 	(HDD-E) 
leads then to what is 
=0 	 ( 3 ) 
Solving this resulting set of equations, assuming the matrix elements are 
previously determined, results in four values of E. Each value of E, sub-
stituted back into (2) permits the determination of a set of K coeffi-
cients. In this example there are 4 values of E and four sets of coeffi-
cients. It is seen that each E gives a different set of K's when substi-
tuted back into (2). Each set of K's then defines a different wave func-
tion of the perturbed ion. 
The above sketch covers the basic philosophy of the crystal field 
theory approach. It provides very useful results when applied to elec-
trons in an inner unfilled shell provided the crystal field potential can 
be accurately described. Because of the problems previously discussed 
this is not possible from first principles and the potential must be 
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described in terms of adjustable crystal field parameters which can be ma-
nipulated to attempt a fit between experimental data and the calculations. 
While such parameters have been calculated for many specific materials, 
each new system must be experimentally determined. 
The major disadvantage for our work however is that crystal field 
theory cannot account for electron transitions between anion and cation. 
This is because the new wave functions calculated contain terms of only one 
atom. Thus by its very formulation it can only be used to determine tran-
sitions within the shells of the ion considered. This limitation can be 
removed if we extend the concept to a molecular orbital calculation where 
the perturbed wave functions are combinations of orbitals from both the 
cation and anion. 
B. Molecular Orbital Calculation  
It is assumed in this model that the solid can be considered as an 
ordered arrangement of molecular ions. This concept fits well with pre-
vious work in the garnets which picture the crystal as being composed of 
a, c, and d molecular sites. In this picture the a site is an octahed-
rally coordinated Fe ion surrounded by six oxygen anions, the c site is 
a dodecahedral configuration consisting of the rare earth ion surrounded 
by eight oxygen ions and the d site is a tetrahedrally coordinated iron 
ion. 
Using a molecular model, it is postulated that the wave functions 
of the molecular group can be described by a combination of atomic orbi-
tals from the constituent ions. It is easy to show that wave functions 
of this type will indeed provide for a transition between ions. For ex-






YM2 = CIYd/ 	WLI 
5 	= molecular orbitals M1 M2 
Yd , Yd / = d atomic orbital of central metal ion 
L' YL 	= ligand ion atomic orbitals. 
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Here the molecular orbitals are made up of a linear combination of atomic 
orbitals from anion and cation as proposed. Now the interaction matrix 
element between these two molecular orbitals is simply 
M = 1 Ymi H'L  dT 
all 
space 
where H is the perturbation Hamiltonian operator inducing the transition. 
This becomes simply 
	
M = j (cyd ,*+dy 	) H(aT
d+bTL)dT 
= ca j (T d ,Nyd)dT + db SkT L * HT L)dT 
, 	 , 
+ cb j (Ye
* 
 HTL)dT + da jkTL ,
* 
 HTd)dT . 
Here it is apparent that inter ion transitions are inherent in a molecular 
orbital excitation as shown by the last two terms. These terms are transi-
tion matrix elements between anion and cation orbitals. The significance 
of this to our research is the potential. capability it provides for ex-
plaining the rare earth iron garnet absorption spectra and how this spectra 
is related to the atomic states of the constituent ions. This information 
is of vital importance if we are to correlate magnetic moment changes and 
absorption data. 
Conceptually there are many similarities between molecular orbital 
theory and crystal field theory. The problems of performing a rigorous 
solution to the resulting wave equations is beyond present capability. 
Generally we are left with only the alternative of introducing variable 
"fudge factors" to attempt a theory-experiment match. Recently however, 
Balihausen and Gray
2 
have outlined a self-consistent type formulation 
which permits an approximate evaluation of the "uncalculable" matrix ele-
ments by use of valence state ionization energies. Calculations of this 
2 Ballhausen and Gray, Molecular Orbital Theory, W. A. Benjamin, 
Inc., 1965. 
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type provide first order results which then can possibly be improved upon 
by experimental results. 
The general idea of a molecular orbital calculation can be under-
stood by examining a simple 2 ion molecule. 
Assume we have two ions located on sites A and B as shown below. 
Here ZAe and ZB  e represent two different ions including the nuclei and all 
electrons but the one under consideration. The problem is to determine 
the wave function associated with this electron. It is reasonable to ex- 
pect that when in the vicinity of A the electron can be described accurately 
in terms of a wave function made up of one electron atomic orbitals of ion 
A. When near B the wave functions would surely be describable in terms of 
atomic functions associated with B. We assume then that in general we can 





this form being known as an LCAO approximation. Normalization of a wave 
function of this type produces a term not encountered in crystal field 
theory, namely the overlap integral. Normalization requires 
N2 s 
TdT = 1 
and assuming we choose real wave functions (Slator orbitals) this becomes 
simply 
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dT + 2ab j TATB dT - 
If the atomic wave functions are normalized to start with the first two 





+ 2ab j TATEdi - 
The remaining integral is called the overlap integral and often designated 





+ 2abS = 1 
N2 
where S = TATBdT = overlap integral. 





The energy of the state defined by this wave function is simply 
(E) = N2 j ViTdT , 
where H is the Hamiltonian operator of the system. 
The Hamiltonian contains the kinetic operator term for the electron, 
the Coulomb interaction between. the electron and the nucleii and ionic elec-
trons, etc. We do not here detail these terms explicitly because the pro-
posed calculation permits a self-consistent type solution to be performed 
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without actually evaluating this Hamiltonian. As previously indicated in 
the crystal field problem, the idea is to find values of the coefficients 
a and b which will minimize the expected energy of electron described by y. 
This is again a variational type problem and in the simple two term approx-
imation postulated here as an example, the result is a set of simultaneous 
equations in a and b given as 
0 	(HAA-E) (HAB-ES) 	a 
0 	(H -ES) (HBB-E) b 
In this expression 
HAA =J YAHYAdT 
HBA ^ J YAHYBdT 
and 
S =SYYABdT = overlap integral . 
It is observed that the overlap of the wave functions on different sites 
shows up explicitly in this equation. For a and b to be non-zero we are 
led finally to a secular equation of the form 
(HAA-E) (HAB-ES) 
0 
(HBA-ES) (HBB E) 
Since YA and 	are assumed known at the outset, then if H, the Hamiltonian 
operator were known explicitly the secular equation could be solved for E 
and this in turn would allow determination of a and b from the matrix equa-
tion thus completely defining Y. 
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It is obvious from the secular equation form that it is, in this 
example, quadratic in E resulting in two solutions. Dingramatically the 
relationship between the energies of the original atomic orbitals and that 


















The lower energy E l is called a bonding energy level and the higher energy 
is called non-bonding. The diagram shows that the electron possesses a 
lower energy in the molecular orbital than it could in either atomic orbit-
al and this is in actuality a bonding effect. 
The significance of this approach is now apparent in that we are able 
to describe the electron states in terms of the cation and anion orbitals. 
Thus excitations which previously had to be qualitatively described as a 
charge transfer process from anion to cation can now be quantitatively eval-
uated as a transition from a molecular orbital of predominantly anion nature 
to another of predominantly cation nature. The predominate nature of a 
molecular orbital is determined by the relative magnitude of the coeffi-
cients, e.g. a and b, in the LCAO molecular wave function. 
The above idea can be extended to molecular orbitals of transition 
metal ion complexes where the metal ion is symmetrically surrounded by an-
ions such as oxygen. Examples of such an arrangement are the iron octahed-
ral and tetrahedral sites in the R.E. Garnets. 
In this case the molecular orbital is written as 
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Y = N(TM M.lig ) 
where 
	Y is a metal atomic orbital 
= linear combination 
cation of cation atomic 
orbital 
X = mixing coefficient 
N = normalizing coefficient . 
Since j 	dT = 1 we have 
N2 (1 + X 2 + 2XG) = 1 
where 
	
G = jM 	lig dT = total overlap integral . 
The appropriate combinations of cation wave functions used in conjunction 
with a given metal orbital to make up a molecular orbital is determined by 
symmetry considerations. Once these combinations are determined the con-
cept of the solution of the problem is identical to that for the two ion 
example discussed previously. In a practical situation however we are left 
with finding some way to evaluate the matrix elements without complete 
knowledge of the appropriate Hamiltonian. One way around this is to employ 
the method of valence state ionization potentials as described by Ballhau-
sen and Gray. 3 It is known that the self-energy of an electron in a given 
orbital is closely related to the ionization energy of that electron. Thus 
Ionization Energy ST.HT.dT = H.. . 
The ionization energies are a function of the charge distribution on an 
atom and have been calculated for all charge distributions of significant 
interest for atoms thru krypton. These calculations performed by Vista 
3 Ballhausen, C. J. and Gray, H. B., "The Electronic Structure of the 
Vanadyl Ion," Inorg. Chem., 1, 111-122 (1962). 
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and Basch at Columbia include ions of 1+ and 2+ and some cases 3+ ioniza-
tion states. 
The off-diagronal matrix elements are estimated from the overlap 
integral and stability of the constituent orbitals, i.e., we know the mu-
tual energy should be directly proportional to the overlap and in some way 
increase with the self-energy of the orbits. Ballhausen and Gray suggest 
an expression of: 
f Y.HTdT = H. = - 2G. 	jj (H.. • H..) 2 . j 1 	ij 	ij 11  
Using these approximations the problem is solved self-consistently 
in the following manner. The electrons outside of the closed shell, i.e. 
3d- and 4s-electrons of the iron atom and the 2s and 2p from oxygen are 
given some initial assumed orbital distribution on the ions. Fractional 
assignments are valid and in general most of the charge is distributed 
around the anions. Tabulated values of ionization energy for this assumed 
distribution are now used to estimate the matrix elements as previously 
discussed. Once these are known the secular equation can be solved, and 
using the solutions for the energy E the coefficients of the wave function 
are calculated. Thus the complete system is specified. The resulting 
electron distribution is now determined from the wave functions. If this 
is different from the one initially assumed it forms the basis of a second 
cycle in the self-consistent calculation. The procedure is repeated until 
the final charge distribution is identical to the starting assumed distri-
bution. 
This technique has proven capable of giving reasonable first order 
fit to experimental data. In this way, by comparing the results with our 
experimental reflectivity data it should be possible to make initial 
assignments of the observed transitions. Once this is done, the calcula-
tions can be performed permitting the matrix elements to be adjustable par-
ameters. By varying them systematically around the previously calculated 
values a best fit criteria should produce fairly reliable analytical re-
sults. 
Our program is structured around this approach, i.e., making accu-
rate reflectivity measurements to obtain good data on transition energies 
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and intensities along with the molecular orbital calculations to provide 
data showing what atomic process is involved in each transition. In this 
way it is possible to separate out charge transfer processes from intra-
band excitations. The latter are the excitations we are interested in 
pumping to effect a magnetic moment change. 
Respectfully submitted, 




E. Ji Scheibner, Chief 
Physical Sciences Division 
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A r N Subject: 	Monthly Progress Letter 13, Project A-1028 	 A " 
"Study of Feasibility of Optically Exciting a Magnetic Memory" 
Contract No. NAS8-20813 
Covering the Period from 12 July to 12 August 1968 
Gentlemen: 
Introduction  
This report covers July 12 to August 12, 1968. Our work, related 
to the concept of optically pumping an antiferromagnet to cause a magneti-
zation change, is progressing along two directions. Experimentally we are 
making optical reflectivity measurements to determine the existence and 
resonant wavelength of the spin. flip excitation state of the rare earth 
sublattice in the rare earth iron garnets. Operational status of the re-
flectivity apparatus has finally been achieved and new data on gadolinium 
iron garnet is included in this report. Theoretically, molecular orbital 
theory is being applied to the garnet structure in order to identify the 
source and exact nature of the "band gap" absorption observed experiment-
ally. We are encouraged by the progress of this work even though it is a 
quite complicated calculation. 
Experimental Measurements  
The reflectivity measurement apparatus became operational during 
this period. The new lamps have been received and the instrument alignment 
completed. A sample mount has been fabricated which permits accurate posi-
tioning of the sample laterally in two dimensions and rotationally around 
three axes. Accurate reflectivity data can only be obtained if the illum-
inated portion of the crystal does not change during measurements at dif-
ferent angles. It is of course also important that incident light be com- 
pletely intercepted by the sample surface in order to eliminate widely scat- 
225 North Avenue 
Atlanta., Georgia 30332 
(404) 573-4211 Ext. 220 
Attention: Mr. William J. McKinney 
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tered light. At angles of incidence around 70 degrees this requires very 
accurate sample positioning when using small crystals. 
The first sample evaluated was a single crystal of gadolinium iron 
garnet. Reflectivity data obtained from these measurements is shown in 
Figure 1. The upper two curves show the reflectivity at 20 and 45 degrees 
angle of incidence while the lower curve shows data at 70 degrees incidence. 
The 70 degree incidence curve is plotted on an expanded scale. These curves 
show definite structure at 3.35 ev, 4.1 ev, 4.35 ev and 5.3 ev. There also 
appears to be minor variations at 3.1 ev and 3.7 ev. 
Using the program developed previously in this contract the absorp-
tion coefficient was calculated from the data of Figure 1. The program per-
forms this calculation in the following manner. Using initially assumed 
values of the real and imaginary components, n, and k, of the refractive in-
dex, the Fresnel reflection equation is solved for angles of incidence of 20, 
45 and 70 degrees. These computed values are compared with the measured val-
ues and a mean square error is computed. This process is repeated eight 
times for values of n and k slightly larger and smaller than that initially 
assumed. The points chosen are shown below. 
- ♦ - 
—+ — 
I 
no-A ° q°0.4% 
The errors computed at each point are compared and the one with the least 
error becomes the new center point. The process is repeated until the cen-
ter point has the least error. The value of used in the computations pre-
sented here was 0.01. When the optimum value of n and k have been found in 
this manner, the absorption coefficient is calculated as 
cr = 
47nk X 107 
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where 
a = absorption coefficient in cm -1 
= light wavelength in mili-micron. 
The resulting absorption coefficient is plotted in Figure 2. Here 
it is seen that three prominent absorption lines are evident at 3.4 ev, 
4.35 ev and 5.35 ev. Two smaller absorptions are discernible one at 3.7 
ev and another at 4.1 ev. It is almost certain that the peaks at 4.1 ev 
and 4.35 ev are the spin flip gadolinium transitions sought. Figure 4 shows 
the free ion absorption and emission spectra for the rare earths. It is ob-
served that the 6P multiplet is centered around 33,000 cm-1 and the 6 multi-
plet is centered around 36,000 cm-1 , i.e., 4.09 ev and 4.46 ev respectively. 
The correspondence with observed absorption peaks is thus very convincing. 
The detail in the absorption data is very rewarding after such an 
extended period in getting the equipment operational. The results are much 
improved over that taken previously and provide us with quite accurate de-
termination of the desired absorptions. It is interesting to note that the 
crystal field perturbation on the rare earth absorption spectrum is appar-
ently quite small as would be predicted because of the inner shell nature 
of the electrons being excited,. 
Figure 3 shows the plots of n and k computed by the program. The 
shape of these curves is consistent with that expected at resonant frequen-
cies. 
Theory. Work is continuing on the molecular field calculations to 
investigate the absorption edge beginning at 2.5 ev. Previous workers have 
attributed this high absorption to a change transfer process between oxygen 
and iron ions. If the high absorption is a result of iron-oxygen transitions 
it is more nearly correct to describe the process as transitions between mol-
ecular orbitals of the iron-oxygen complex. To this end we are developing the 
techniques to calculate the orbitals for the tetrahedral and octahedral iron-
oxygen combinations. The solution has been organized and outlined in detail 
so that each calculation required has been determined. We have completed 
writing the program required to calculate overlap integrals and are in the 
process of debugging. The atomic orbitals forming the irreducible set for 
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the complex have been detelained for the octahedral group and the wave func-
tion components for the molecular orbital have been found. During the com-
ing month we hope to complete the overlap integral calculations and begin 
the program for the self consistent solution of the eigenstates of the octa-
hedral complex. 
Respectfully submitted, 
F. L. Grismore 
Project Director 
Approved: 
E. J. Scheibner, Chief 
Physical Sciences Division 
• 
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National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 	 P4 	1 1960 Huntsville, Alabama 35812 
Attention: Mr William J. McKinney 
Subject: Monthly Progress better 14, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic 
Memory" 
Contract No. NAS8-20813 
Covering the Period from 12 August to 12 September 1968 
Gentlemen: 
During this month we have obtained experimental data on terbium iron 
garnet which is very encouraging. The results shown in Figure 1, indicate an 
absorption peak just below 2.5 ev which corresponds quite favorably with the 
1 free ion spin flip absorption at 20,000 cm , i.e., 2.48 ev. The free ion 
spectrum of Gd, Tb, and Dy were included in last month's report. Terbium al-
so shows a number of rather broad absorption lines from 26,000 cm
-1 to 35,000 
cm
-1
. Our absorption data shows a broad absorption peak between 3.1 ev and 
3.7 ev, i.e., 25,000 cm -1 to 30,000 cm-1 , and a sharper peak at 3.9 ev, i.e., 
32,000 cm-1 . These features agree well with the free ion structure. The ab-
sorption structure in our data at 2.8 to 3.0 ev does not correlate with free 
ion terbium and we are not able at present to predict its source. It is anti-
cipated that the molecular orbital calculations of the iron-oxygen complexes 
will shed some light on these features. 
The computer program used to derive the optical constants from the 
reflection data was modified some during this period. We have found it de-
sirable to calculate the error at each trial value of n and k as the sum of 





R (0) - R (0 
- measured calculated] 
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where 8 took discrete values of 20°, 45° , and 70° . 
This form of error does not satisfactorily weigh the effects of the reflec-
tion at 70° because the magnitude of R at this angle_is nearly an order of 
magnitude smaller than that at 20P and 1 5° . For this reason we now use an 
error of the form 
R (0) R (0) 
(measured) - calculated 1 2 
R (0) 
0 	 measured 
This appears to give more uniform results and is considered to be an improve-
ment over the original technique originally proposed by Hunter.
1 
Overlap integral calculation of the molecular orbital problem have 
still not been determined because of complications arising in the development 
of the computer program. It now appears that the numerical method first em-
ployed will not be satisfactory because of the long computer time necessary 
for the required accuracy. A different technique is now being developed which 
involves the calculation and summation of less than 20 simple terms. This 
should permit accurate and very rapid calculation of these quantities. The 
approach will be discussed in detail later if found to be satisfactory. Once 
this program is operational the orbital calculations can proceed rapidly and 
we hope to have initial results in approximately two months. 
Future Work  
During the following month we will continue our reflectivity measure-
ments on TbIG, on different crystal faces and with different polarizations 
of light. Specifically we plan to investigate the effect of circular polar- 
ization on the momentum transfer process associated with the spin flip trans-
itions. 
Work on the molecular orbital calculations will continue. It is anti-
cipated that the overlap integral calculations will be completed during this 
period. 
1 W. R. Hunter,"Errors in Using the Reflectance vs. Angle of Incidence 
Method for Measuring Optical Constants," J. Optical Soc. Amer., 55, No. 10, 
Part 1, October, 1965. 
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Financial 
Budget Free Balance 
Personal Services $32,885.00 $ 9,108.12 
Materials & Supplies 2,400.00 - 70.36 
Travel 450.00 108.45 
Computer 490.00 234.44 
Overhead 18,744.00 5,191.18 
Total $54,969.00 S14,571.83 
Respectfully submitted, 
'F. L. Grislore 
Project Director 
Approved: 
E. e( Scheibner, Chief 
Phyical Sciences Division 
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ENGINEERING EXPERIMENT 6T.ParrIal\T 
C-7-1 C) 	C- 	I 1 \ .1- ;1371: . 117 	 f 	LT; C -r 
lysical Sciences Division_ 
	 6 February 1969 
226 /sTortla. .A_Nrern.le 1,7 . -VC7 W. 
Georgitt 30332 
(404) 873-4211 Ext. 220 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 15, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic 
Memory" 
Contract No. NAS8-20813 
Covering the Period 12 September to 12 October 1968 
Gentlemen: 
We have continued to take and analyze data on several samples of the 
TbIG single crystals grown during this project. Using the reflectivity tech-
niques developed we can obtain data from single crystal surfaces as grown. 
This eliminates the possibility of modification of observed spectra by sur-
face damage from polishing. Thus we are able to obtain information on bulk 
material with the precision attainable only on thin films using transmission 
spectroscopy. 
Of particular interest is recent data using circularly polarized 
light. In this experiment, a quartz quarter wave plate was incorporated in-
to the optical path and reflectivity data taken in the manner described in 
previous reports. It was anticipated that excited states involving a change 
in magnetic moment from the ground state would show an energy shift under 
excitation of resonant circularly polarized light. This is a result of the 
selection rules associated with Zeeman splitting of the atomic states. 
The rare earth atoms at room temperature essentially form a paramag- 
netic assembly in a large superexchange molecular field. Based on the known 
magnetization of the sublattice at room temperature of approximately 1700 
Gauss, it is possible to estimate the effective field from the Brillouin 
function expression:
1 
1 A. H. Morrish, The Physical Principles of Magnetism, John Wiley & 
Sons, Inc., New York, 1965, Section 13. 
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M = NgJ4BBJ(Y) 
where 
4/140eff 
Y = 	kT 
The result is %fr p-J 0.5 x 107 Oersted. Such a field would cause splitting 
of the degenerate atomic states in intervals of 
AE = 2 p.BH c4-.1 1 x 10 Berg= 0.062 ev . 
The selection rules for transitions between various levels of states split 
by a magnetic field are 
AJ = t 1 
when observing the spectrum along the axis of the magnetic field. Linearly 
polarized light will create both allowed transitions while circularly polar-
ization will create AJ = +1 or AJ = -1 depending on the direction of circu-
lar polarization. Using the free ion notation for the ground and first ex-
cited states of terbium, i.e., 7F6 and 5 respectively one can calculate 
that a shift of approximately 0.12 ev should be observed for such a transi-
tion in going from linear to circularly polarized light. 
In this experiment we did in fact observe a shift of approximately 
0.1 ev in the line at 2.4 ev under excitation with circularly polarized 
light. Referring to Progress Letter 14 it is this line we tentatively 
assigned as being the terbium spin flip first excited state. This new in-
formation adds support to this assignment. The remainder of the structure 
remained essentially unchanged under circularly polarized radiation. We 
therefore feel that the absorption peak at approximately 2.4 ev is the line 
in TbIG which must be pumped to cause the desired change in sublattice mag-
netization. 
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Mike Wynn who has been working on the computer programs for the over-
lap integrals has left the project as a result of teaching responsibilities 
in the Physics Department. During this period he has written a report of 
the work relating to the theoretical calculations and this will be included 
in the Final Report. Due to the small budget it appears that the theoreti-
cal work will not be able to be completed. 
Future Work 
During the next reporting period we anticipate obtaining data on the 
DyIG samples which have been fabricated. 
Financial 
Budget Free Balance 
Personal Services $32,885.00 $ 7,203.59 
Materials and Supplies $ 2,400.00 $ 	- 77.38 
Travel $ 	450.00 108.45 
Computer $ 	490.00 $ - 227.58 
Overhead $18,744.00 $ 4,105.60 
Total $54,969.00 $11,112.68 
Respectfully submitted, 
A 
F. L. Grismore, Jr. 
Project Director 
Approved: 
E. . Scheibner, Chief 
Ph 1ical Sciences Division 
(!)- 
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ENGINEERING EXPERIMENT STATION  
G- I 	I 1\1- 	T___T 	f 	C 	:F.... C.) 
ecierices Division 	 6 February 1969 
225 Slortn. Avenue 1•T "VC. r 
Atlanta. Georgia 303:32 
(4041 273-4211 Ext. 220 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: Monthly Progress Letter 16, Project A-1028 
"Study of Feasibility of Optically Exciting a Mngnetic N.4) R i-C7> 
Memory" 
Contract No. NAS8-20813 
Covering the Period 12 October to 12 November 1968 
Gentlemen: 
During this month we have completed taking the first set of data from 
the DyIG samples. The experimental apparatus has been modified to permit 
data to be accumulated without the time consuming tedium of point by point 
measurement. 'There are however some problems with the new apparatus and it 
will probably be necessary to take more data in order to feel confident of 
the results. 
The technique involves sweeping the monochrometer while synchronously 
tracking a recorder at the output of'the photomultiplier. By taking only 
three runs (20° incidence, 70° incidence and direct radiation) the reflect-
ivities can subsequently be extracted from the records. We have made sever-
al runs to check the stability of the lamp and find the data quite repeat-
able. The main problem however lies in the fact that because of the sharp 
intensity spectrum of the mercury arc lamp, the data we obtain is often on 
the sharp edge of a peak in incident light intensity. This creates a degree 
of uncertainty in extracting small variations in reflectivity due to the 
sample. 
In order to reduce the recorded data, the computer program to calcu-
late complex refractive index has been rewritten. The details of the new 
program will be included in the final report. In brief, the data of photo-
Multiplier detector output current as a function of linear distance on the 
output record is punched onto paper tape, serving as input to the program. 
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A fifth order polynomial correlates recorder distance to monochrometer wave-
length. Such a high order polynomial was found necessary to match the dis-
persion characteristic of the monochrometer. By inserting appropriate gain 
and conversion coefficients the current amplitudes are reduced to normalized 
intensity values from which the complex index and absorption coefficients 
are calculated. Due to computer system problems as well as some programming 
problems a complete set of calculations have not been performed to date. 
From the data that has been analyzed of the DyIG run we do observe a 
wide absorption region starting at about 20,000 am -1 with much fine struc-
ture to about 34,000 am-1 . Referring to the Dy3+ spectra given in Report 13 
it is observed that this is consistent with what would be expected. We ob-
serve prominent peaks at about 28,000 cm -1, 30,000 cm, and 32,000 am 1 
which correlate approximately with the free ion data. However, the line at 
20,000 cm-1 is yet in doubt. This is the line we were hoping to see and 
while we do have some structure in the data at this energy it is very weak. 
We hope to resolve this question with subsequent data. 
Future Work  
The computer program debugging effort will continue and possibly more 
data will be taken on the DyIG sample. During the next period we anticipate 
a reduction in effort will be required because of pressing demands of pro- 
gram personnel on other projects. 
Financial 
Budget Free Balance 
Personal Services $32,885.00 $ 5, 837. 83 
Materials and Supplies $ 2,400.00 $ 	- 98.21 
Travel $ 	450.00 $ 108.45 
Computer $ 490.00 $ - 241.11 
Overhead $18,744.00 $ 3,327.12 
Total $54,969.00 $ 8,934.o8 
"4- 	1 1 	 4- -I- 
Approved: 
 
F. L. Grismore, Jr. 
Project Director 
bcheihner, Chief 
Physical Sciences Division 
 
( 
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225 North. Avenue N.W. 
Atlanta, Georgia. 20222 
14041 272-4211 Ext. 220 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
13 February 1969 
Subject: 	Monthly Progress :Getter 17, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic 
Memory" 
Contract No. NAS8-20813 
Covering the Period 6 November-5 December, 1968 
Gentlemen: 
As reported in the previous letter, some cut-back in effort was 
necessary because of personnel cammittment to other programs. There have 
however been several new findings which are of significant importance to 
this research. 
During the week of November 18, F. L. Grismore attended the Confer-
ence on Magnetism and Magnetic Materials in New York City. There were 
two papers which add both credence and impetus to our work of attempting 
the optical pumping of the rare earth iron garnets for memory selection. 
The first of these was the work of Andreadakis and Williams of . the 
University of Delaware, who have observed significant optical pumping of 
Mn ions in ZnMnS. In their work, they measured the change in magnetic sus- 
ceptibility under the influence of radiation for varying concentrations of 
Mn ions. It is very noteworthy that the pumping effect became increasingly 
large as they increased the Mn concentration to 30% (the maximum value 
attempted in their experiments). This is rather unexpected, but in a good 
way for us, since the 3d electrons responsible for the Mn magnetic moment 
are greatly influenced by the crystal field of the lattice. It has gener-
ally been assumed, from fluorescence data, that at concentrations exceed-
ing a few per cent the lifetime of the excited states became so short that 
significant pumping would be impossible. Andreadakis and Williams have 
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shown that this is not the case and show that the effect is large even as 
antiferromagnetic exchange sets in at the higher concentrations. We feel 
more confident than ever that a similar but larger effect will occur in the 
rare earth garnets because of the shielded environment of the 4f magnetic 
electrons of the rare earth ions. 
In a second important paper, Kahn and Pershan from Harvard, reported 
on ultra-violet Kerr measurements on several ferric oxides in an attempt 
to measure the charge transfer spectra of the octahedral and tetrahedral 
iron sites in these materials. They conclude from the experimental results 
that there is a charge transfer transition at 4 ev associated with octahed-
ral sites and at 5 ev, associated with tetrahedral sites. These data should 
be of significant value to us in helping make assignments to our experimen-
tal measurements on the rare earth iron garnets which also contain iron ions 
in these symmetry locations. 
In conferring with Dr. Kahn during the conference I related to him 
our work with the garnets. He indicated much interest, especially in the 
theoretical work we are attempting in calculating these transitions via a 
molecular orbital approach. He pointed out as I have done in previous let-
ter reports, that at present there simply has been no detailed work which 
will permit a satisfactory description of the optical transitions in these 
materials. 
Some additional work has been carried out to debug the new reflec-
tivity program written last month. We still however have some problets. 
Some results have been obtained, however it has only been over a limited 
energy range. We hope to obtain complete compilation of the DyIG data in 
the near future. 
Future Work  
Because of the uniqueness of the data taken on GdIG and TbIG we hope 
to submit a paper to the Intermag Conference this year. During the next 
reporting period, an effort will be made to organize much of the presently 
acquired data and present a paper abstract to the Intermag Technical Commit-
tee. 




13 February 1969 
Free Balance 
Personal Services $32,885.00 $5,659.67 
Materials and Supplies 2,400.00 -130.64 
Travel 450.00 108.45 
Computer 490.00 -244.70 
Overhead 18,744.00 3,225.57 
Total $54,969.00 $8,618.35 
Respectfully submitted, 




1J Edwin . J. Scheibner, Chief 
Physical Sciences Division 
( o ,  
ENGINEERING EXPERIMENT STATION 
G-EfOR,O-I.A. INS -ri rr -rm of TECI-11‘TQLf00--Y- 
aysical Sciences Di-v-ision. 
	 13 February 1969 
aas North Avenue N. W. 
Georgia 30332 
(404) 373-4211 Ext.220 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 18, Project A-1028 
"Study of Feasibility of Optically Exciting a Magnetic 
Memory" 
Contract No. NAS8-20813 
Covering the Period 6 December 1968-5 January 1969 
Gentlemen: 
Work during this month has been centered around detailed evaluation 
of the GdIG and TbIG data presently available in order to extract the in-
formation significant to the achievement of the goal of optically exciting 
a magnetic memory. 
We have calculated the transition oscillator strength and lifetime 
of the lines we believe to be magnetic spin flip excitations. The oscilla-
tor strength is a common non-dimensional "quality factor" in optical spec-
troscopy and is directly proportional to the transition probability. The 
optical pumping power required to achieve a given excited population of the 
atomic system is proportional to the (absorption cross-section)•(lifetime) 
product. Therefore values of the product fT are also a measure of required 
pump power since f, the oscillator strength is directly proportional to the 
absorption cross-section. 
The oscillator strength is related to the absorption coefficient as 
mc2 	r  K(X)dX 
rreN 	X
2 
where 	K(X) is the wavelength dependent absorption coefficient 
N 	is the number of absorbing atoms per cm 3 in the 
material 
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and the integration is performed over the wavelength range of the absorp-
tion line. From the data taken during this contract we have extracted, in 
an approximate fashion, the single line absorption due to the single transi-
tion of interest and calculated the oscillator strength. The lifetime can 
then be calculated from the oscillator strength. 1 The results for GdIG and 
TbIG are similar yielding an oscillator strength of f 10-3 and a lifetime 
of T 1 X 10-7 . The resulting fT product is nearly identical to the free 
ion value measured by Gandy and Ginther.
2 
They reported f c--.1 10 -7 and 
T = 10-3 . Thus the crystal field effects which increase the transition 
probability for absorption reduce the lifetime by an equivalent amount to 
keep the fT product constant. This is of course a result of the fact that 
the ratio of A/B, i.e., the Einstein coefficients for spontaneous and stim-
ulated transitions, is a fundamental constant. 
We have written a program to decompose the measured absorption spec-





tw 	120 2 + ( F 
o \ 2 
This is the classical line shape form where w o is the center frequency of 
the line and F is the half-width. The program treats K0 and F as adjust-
able parameters and seeks a best fit of the adjustable line intensities 
and bredths to the experimental data. From these results to oscillator 
strength and lifetime are computed. 
An abstract has been written and submitted to Intermag for presenta-
tion at the Amsterdam conference in April. A copy is attached to this let-
ter. 
1 S. Wang, Solid State Electronics, McGraw-Hill, 1966, p.728. 
2 
H. W. Gandy and R. J. Ginther, "Stimulated Emission of U.V. 
Radiation From Gadolinium-Activated Glass," Appl. Phys. Lett. 1, No. 1 
(September, 1962). 
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Future Work  
The absorption data will continue to be analyzed through the use of 
the new computer programs. A thermal analysis of the proposed memory will 
be carried out based on the power requirement determined from the oscilla- 
tor strength data. 
Financial 
Budget Free Balance 
Personal Services $32,885.00 $5,387.40 
Materials and Supplies 2,400.00 -130.89 
Travel 450.00 108.45 
Computer 490.00 -264.04 
Overhead 18,744.00 3,070.38 
Total $54,969.00 $8,171.30 
Respectfully submitted, 
F. L. Grismore, Jr. ' 




Physical Sciences Division 
FINE STRUCTURE ABSORPTION MEASUREMENTS OF BULK R.E.IG SINGLE CRYSTALS 
BY REFLECTIVITY TECHNIQUES  
F. L. Grismore, Jr. and J. Elmer Rhodes, Jr. 
Georgia Institute of Technology, Atlanta, Georgia 30332 
Because of the potential memory applicability of the rare earth iron garnets 
in optically accessed memories a detailed understanding of optically excited 
electronic transitions is of considerable importance. In this paper we re-
port the results of measurements made on bulk samples using reflectivity 
techniques to obtain new fine structure absorption data through the visible 
and near ultraviolet where the crystals are opaque. Using an analysis tech-
nique originally proposed by Hunters we have computed the complex index of 
refraction of GdIG, TbIG, and DyIG bulk single crystals over an energy range 
of 2 to 5.5 electron volts. These data contain the absorption coefficient K, 
the oscillator strength and an excited state lifetime for the prominent ab-
sorption lines. We attribute much of the fine structure in this absorption 
data to intraband transitions of +f electrons in the rare earth ions. 
The crystals used were grown by the molten flux method at a cooling rate of 
19 C/hour. Measurements have been made on natural crystallographic faces and 2 
surfaces cut and mechanically polished parallel to the natural face. Reflec-
tivity measurements were made using a 1 kw air-cooled mercury vapor lamp, 
typeBH-6, in conjunction with a Gaertner L-234-150 prism monochromator and 
type EMI9601B photomultiplier tube. The radiation incident on the sample was 
linearly polarized in the plane of incidence. Reflectance was measured at 
200 and 70P angle of incidence over the desired wavelength range. Typical 
data for GdIG is shown in Figure 1. For any specified wavelength X, the 
Fresnel equations may then be solved in a self-consistent manner to obtain 
complex index of refraction. Figure 2 shows the result fpr,,the GdIG reflec- 
tivity data of Figure 1. The absorption coefficient K = 4,7- is contained in 
the complex index; the calculated K for the same sample 	shown in Figure 
3. By subtracting out the background absorption and fitting the remaining 
fine structure with norital shaped absorption lines we can estimate the ab-
sorption coefficient and line width for each line of the fine structure. In 
this manner it is possible to estimate the oscillator strength and excited 
state lifetime associated with the various absorption lines. 
Of particular interest are the lines visible in Figure 3 at approximately 
4.1 and 4.35 ev. We believe these to be intraband transitions of gadolinium 
corresponding to free ion excited states of 6P7/2  and 3 17 /2 . The free ion 
energies for such transitions are known to be at 3.97 ev-and 4.45 ev respec-
tively. Oscillator strengths for these lines are of the order of f 10-3 
 and lifetimes are calculated of T 10-7 sec. Similar data is available fo  
TbIG and DyIG. These transitions involve a change in spin, thus each excited 
gadolinium ion contributes to a reduction in gadolinium sublattice magnetiza-
tion. The coercive force is very sensitive to sublattice magnetization when 
the material is temperature biased at the compensation point. The question 
1. A7, Magneto-optics. 
2. F. L. Grismore, Jr., Georgia Institute of Technology, Physical Sciences 
Division, E.E.S., Atlanta, Georgia, 30332. 
arises as to the plausibility of optically pumping these rare earth excited 
state in order to effect a significant change in H e as originally proposed 
by Forlani and Minnaja2 for memory selection. 
These data and optical and thermal considerations of such a memory selection 
technique are described. 
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.th K.=amplitude coefficient of the 1— line. 
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National Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Huntsville, Alabama 35812 
NOVI 1 1969 
Attention: Mr. William J. McKinney 
Subject: 	Monthly Progress Letter 19, Project A-1028 
"Study of Feasibility of Optically Exciting a 
Memory" 
Contract No. NAS8•20813 
Covering the Period 6 January-5 February 1969 
Gentlemen: 
<I, 
itr? A 9,:„ 
Magnetic -- 
During this period our efforts have been directed towards the eval-
uation of several system aspects of an optically pumped memory system. 
This is now possible as a result of the data available from the reflecti-
vity measurements and their subsequent reduction. 
Using the program described in the previous report we have approxi-
mated the absorption spectra of GdIG and TbIG with a series of Lorentzian-
shaped lines. The results of this analysis are shown in Figures 1 and 2. 
The line shape is given as 
K. 
Ti 2 
(E - Ei ) 2 + (-7-) 
where .th K = absorption due to the 1— line, 
th. 
E. = resonant energy of 1-- line, 
K 
The coefficients of the series approximations are given in Tables I and 
II. From these lines the oscillator strength and absorption line half-
width are readily determined. This is the data necessary to evaluate the 
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feasibility, in terms of required pumping power, of an optically accessed 
memory using the pumping concept. 
We believe the line at 3.9 ev in the GdIG spectrum and the one at 
2.45 in the TbIG spectrum are associ ted with the inter 4f band rare earth 
transition and hence cause a significant change in sublattice magnetiza-
tion. 
We have developed the equation for the transition probability of a 
monochromatic radiation source pumping a distributed density of excited 
states. The details will be included in the final report; however the re-
sults is simply: 
2 	 2 
b= 	2 n(w) I 3ch 
where b 	= transition probability in electrons/sec, 
n(w) = density of states of the excited state, 
Mkm = electric dipole moment matrix element, 
I 	= light source intensity in ergs/(cm2 • sec). 















NT = total number of rare earth ions per cm3 
wkm = resonant frequency of the absorption. 
Assuming the excited density of states can be approximated by n(w) = NT/Aw 
where Acs = absorption line radian half-width, the ratio of the spontaneous 
emission rate to the transition rate becomes 
8 w/b = 7cAE  
(1)  
(2)  
X. 3 I 
(3) 
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where 	LE = absorption line energy half-width, 
X = resonant absorption wavelength. 
As was shown in the interim report of this contract, the w/b ratio is the 
significant term in determining the population of excited state ions. The 
relationship is given as 
n2 
N 	2 -17 ,777 
where 	n2 = steady state population of excited ions. 
Substituting (3) into (4) and solving for I gives 
( 87Tc6E ) ( N2 
X 3 
It can be shown that the population of excited ions must be approximately 
n2/NT 0.02 in order to reduce the coercive force by a factor of two. 
From the TbIG data, Table II, it is seen that the line at 2.45 ev has a 
half-width of ,E = 0.2 ev. Substituting this in (5) gives a required 
pumping intensity of 
I 	4 x 103 watts/cm2 
which is equivalent to 3 mw of laser output focused on a 10 p. diameter 
spot. The wavelength corresponding to 2.45 ev, i.e., X = 50401 is very 
close to the 50171 Green line of an argon laser. We would therefore 
expect that this type of laser would be compatible with the desired pump-
ing scheme. 
An analysis of the thermal heating effect of pumping intensities 
shows that a temperature rise of up to 10 ° C may result at the bit being 
excited. Experimental results of other workers seems to indicate the 
(5) 
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excursion is not this great at such low intensity levels. It is certain 
from the analysis that temperature excursions at adjacent bits would be 
negligible. 
Details of these calculations will be published in the final re-
port, however it is to be noted that the results to date offer much en-
couragement as to the feasibility of the optical pumping approach to ac-
cess a magnetic memory. Achievement of this goal would be a significant 
advancement to the computer system state-of-the-art. 
Respectfully submitted, 




(t5dwin J. Scheibner, Chief 
Physical Sciences Division 
TABLE I 
Absorption Line Data for GdIG 
Line Energy (ev) 	3.40 	3.72 	3.9 	4.1 	4.35 	4.9 	5.3 
K. x 103 (cm-1ev2 ) 	2.7 	6.0 	1.5 	7.0 	5.4 	1.0 	0.6 
Ti (ev) 	 0.40 	0.53 	0.48 	0.46 	0.34 	0.46 	0.24 
TABLE II 
Absorption Line Data for TbIG 
Line Energy (ev) 	2.20 2.45 2.73 2.80 3.02 3.25 3.54 3.95 4.34 
K. x 103 (an-1ev2 ) 	1.00 3.00 2.20 0.60 1.30 5.00 144 	25 	25 
T. (ev) 	 0.20 0.20 0.18 0.07 0.08 0.20 0.60 0.25 0.27 
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The purpose of this project is to investigate the feasibility of 
modifying the magnetic moment of a magnetically•ordered material by optical 
pumping and apply the phenomena towards space borne digital memories. The 
program is divided into two phases, Phase I a feasibility study effort of 
9 months duration and Phase II a 3 month fabrication effort. This interim 
report describes the results of Phase I work and provides recommendations 
for directions to be pursued during the remainder of the contract. 
The potential of optically addressed (often referred to as beam 




and is currently an area of much research. The goal to which these efforts 
are directed is the achievement of high density bulk memory with storage 
capacity of approximately 108 bits. This density can be achieved in reas-
onable size, for example a planar area of 10 cm x 10 cm, with bit resolu-
tion of 10 	Such a bit size is about an order of magnitude larger than 
diffraction limited resolution of visible light. Thus, optical approaches 
appear attractive. In addition, the interaction of polarized light with 
magnetic materials yielding the magneto-Kerr effect and Faraday effect 
provides a means for detecting the magnetization state of a local region 
via reflection or transmission providing communication with the "store" 
without interconnecting wires. 
The limiting operation, however, in all presently proposed memory 
schemes is the write process. This has universally been accomplished by 
applying heat to the lattice in order to effect a change in coercivity of 
a local spot. The heat source may be a laser or electron beam, both have 
been proposed and experimentally studied. The use of temperature changes 
to modify the magnetic state of a memory media introduces speed perform-
ance limitations. 
The thermal time constant for temperature changes in a rectangular 






c = specific heat in cal/gm-deg 
k = thermal conductivity in cal/sec-cm-deg 
p = density in gm/c2 
= length of thermal path 
Considering relative sizes of the parameters involved it can be shown that 
the value for garnet type materials is of the order of magnitude, T 10-4 
 sec for practical sizes. This places a limit on ultimate cycle time for 
memories employing thermal excitation. Thin metal films exhibit consider-
ably shorter thermal time constants; however, read-out from such materials 
must make use of the Kerr effect. Problems associated with low sensitivity 
and awkward geometrical configuring seriously hamper practical utilization • 
of metal films. The Faraday effect read-out of garnet film systems results 
in a significantly higher signal-to-noise ratio thus simplifying the sense 
electronics and increasing system reliability. 
In addition to the relatively long time constants, an additional 
problem associated with thermal excitation is that of thermal creep. In 
order to prevent adjacent bit disturb effects it appears necessary to pro-
vide thermal barriers between storage element locations. This results in 
a reduction of achievable storage density and increases the fabrication 
process complexity. 
To overcome these limitations associated with thermal excitation, 
this program is involved in a study to determine the feasibility of opti-
cally pumping a magnetic material to effect the switching process. This 
technique provides the potential of achieving excitation and decay times 
in the sub micro-second range without the problem associated with thermal 
creep. 
The experimental work to date has been directed toward the rare 
earth iron garnets. These materials show a rapid change in coercive force 
versus temperature at the antiferromagnetic compensation temperature. This 
effect is attributed to the fact that slight variations in temperature cause 
a net magnetic moment to exist. The resultant moment provides a couple of 
M X H
A 






Since HK is inversely proportional to M, HK m as M 	Although this is 
an oversimplified model the essential characteristics appear to be correct. 
Thus we look for a technique whereby the lattice temperature can be 
held constant but M changed by optical excitation. An important aspect of 
the process must be that the excitation be accomplished without generating 
lattice phonons for then local temperature variations will cause shifts from 
the compensation point and we would again be speed constrained by thermal 
tine constants. The rare earth atoms are unique because of the fact that 
atomic transitions involve 4f electrons which are shielded from lattice in-
teractions by filled 5s and 5p sub shells. As a result these atoms show 
very sharp line fluorescence from excited states in a variety of lattices 
including YGaG:RE. We therefore anticipated that relaxation from excited 
states could occur via spontaneous photon emission thus re-radiating the 
incident energy. In this way the phonon density of states would remain 
essentially unchanged. 
The concept of optically pumping the rare earth garnet to cause a 
change in magnetic moment can be understood by considering gadolinium iron 
garnet. Gadolinium iron garnet is a ferrimagnetic material exhibiting a 
compensation point of approximately 282 ° K. At this temperature the iron and 
gadolinium sublattice magnetizations are equal and anti-parallel resulting 
in zero net moment. The material is therefore essentially uncoupled with 
respect to an external field and the coercive force is very high. If the 
magnetization of either sublattice can be changed to uncampensate the ma-
terial a significant reduction in coercive force results. It is proposed 
that optically induced transitions of gadolinium atoms can cause such a 
change. Thus this program is directed towards the study of the variation 
of coercive force and gadolinium magnetic moment as a function of photon 
excitation. 
The concept of optically induced magnetic moment variations is based 
on previous observations 11 of a strong emission line from gadolinium in the 
optical region. The emission wavelength agrees closely to the free ion 
transition from the excited state 6P7/2 to the ground state 857/2 . From 
this information it is easily shown that this transition corresponds to a 
significant change in magnetic moment of the gadolinium atom. From the 
spectroscopic notation the total atomic spin, orbital, and angular momenta 
are given as: 
Ground State 
spin -(2S + 1) - 8 
   
S = 7/2 
4 
    
Orbit -.The letter S represents a net orbital momentum of L = 0 
Total Angular Momentum   J = 7/2 
Excited State  
Spin -(2S + 1) - 6     S = 5/2 
Orbit - The letter P represents a net orbital momentum of L = 1 
Total. Angular Momentum   J = 7/2 
The magnetic moment of an atom exhibiting LS coupling (characteristic 
of the rare earth elements) is simply 
m = (g4uB 
where g is the Lande splitting factor given as 
g = 1 	J(J 1) 	S(S + 1) - L(L + 1)  
2J(J + 1) 
and uB is the Bohr magneton. 
Thus it is found that the moment of the gadolinium atom in its ground state 
is 
m (ground) = 7.9 Bohr magnetons 
and in the excited state 
m (excited) = 5.5 Bohr magnetons . 
This shows that it should be possible to achieve a change in magnetic moment 
of Am = 2.4 Bohr magnetons per excited gadolinium atom. Excitation can be 
produced by optical pumping with light of wavelength = 2770A which corre-
sponds to a high absorption energy associated with the previously discussed 
excited state. 
The write process employing this excitation phenomena will then take 
place as follows. The GdIG storage plane is temperature biased to its com 
pensation point resulting in a net magnetization of zero and hence a high 
5 
, ercivity. Application of an external field H, where H < Hc, does not 
..roct the state of any region of the material. Photon energy incident on a 
region of the material excites the gadolinium atom as previously dis- 
„,.: ssed resulting in a decrease of the gadolinium magnetic moment. The garnet 
,
s thus uncompensated, exhibiting a net moment in the direction of the Fe. 
---ds increases the coupling with the external field and the excited region 
n•itches so that the net moment is parallel with the external field. Removal 
the light and H field leave the switched region in a stable state with the 
iron moment along the applied field direction. Read-out of stored states 
.,plad . take place using Faraday rotation induced by the iron sublattice. 
Detailed results of the work to date will be discussed in subsequent 
sections of this report. In general however it may be stated with some 
assurance that gadolinium iron garnet will not permit operation in the pro-
posed mode. We believe, however, that several other materials do provide 
potential for achieving magnetic pumping. Our measurements on single crys-
tal gadolinium iron garnet have been restricted to reflection and optical 
emission experiments. It has been found that the absorption of photons by 
non-radiative process dominates the optical characteristics in the desired 
spectrum range. As a result, even though the desired absorption does exist, 
heat is added to the lattice at a rate which completely masks the magnetic 
pumping effects. In an energy band picture of the material the discrete ab-
sorption and emission levels can be pictured as embedded in a "conduction” 
band having a lower band edge energy of approximately 2.5-2.75 ev. Thus it 
is not possible to pump the gadolinium atoms without simultaneously creating 
conduction electrons. In addition the probability of a non-radiative trans-
ition to ground state is radically increased. Thus the energy absorbed to 
pump the magnetic atoms is given up mostly to the lattice rather than being 
re -radiated as photons. The net result is that it is impossible to hold the 
temperature of a sample constant at the compensation point. 
A possible alternate to gadolinium iron garnet is terbium iron gar-
net. The terbium atom can be excited by absorption of 2.5 ev photons. This 
is right at the conduction band edge and along with a similar characteristic 
of dysprosium offers the only remaining possibility, in our opinion, of 
achieving optical pumping of a temperature compensated ferrimagnet. The fur-
nace to fabricate these materials is finally near operational and samples 
should be available within a month. 
A more promising alternative however is the possibility of optically 
6 
cupping an antiferrimagnetic material. The advantage of this type material 
is that heat introduced into the lattice as a result of pumping will not 
cause deleterious effects. A literature review and technical discussion with 
several solid state researchers here at Georgia Tech has produced an optimis-
tic attitude toward the feasibility of this approach. Potential materials to 
be investigated will be discussed in Section IV. 
In general then, the project status at the end of Phase I can be 
itemized as follows. An optical investigation of gadolinium iron garnet has 
shown the material to be unsuitable for optical magnetic pumping. The reas-
ons for this have been studied and as a result other materials circumventing 
these problems are proposed. Facilities for evaluating optical pumping pro-
cesses have been assembled and a furnace to grow new specimens constructed. 
The ability to grow samples is an important part of any such program, and 
future results should occur much more rapidly as a result of this facility. 
We are not in a position at this time to enter Phase II as a final fabrica-
tion phase. Alternatively we propose Phase II as a phase of fabrication and 
evaluation effort directed toward evaluating the material concepts developed 
during Phase I. We especially believe TbIG and DyIG should be studied. Fu-
ture work should concentrate on several promising antiferromagnets. 
II. THEORY AND REVIEW OF LITERATURE ON OPTICAL PUMPING 
A. Basic Theory of Optical Pumping  
The concept of magnetic moment alignment via an optical excitation 
process apparently originated with Kastler. 54 Following his initial lead a 
number of authors have extended and diversified the experiments. The basic 
idea is as follows. Assume the sample is a paramagnetic gas consisting of 
atoms such as sodium. The ground state of the sodium atoms is 3251 since 
there is one electron in the 3s sub shell. The n = 1 and n = 2 shells are 
completely filled. Therefore the ground state is degenerate by a factor of 
two due to the direction of spin. In an applied laboratory field the degen-
eracy is removed. The relative population of the two spin up and "Spin down 
levels will be determined by the Boltzman factor 




B 	 (1) Ndown 
7 
-where 	p.B = Bohr magnet on 
H = applied field . 
For small fields.the ratio is approximately unity and the two levels are 
nearly equally populated. The resultant paramagnetic moment is very low. 
The first excited state for sodium is 3 2P1 , i.e., it corresponds to the 
2 
electron existing in the 	= 1 orbital. This excited state is also split 
by the applied field the splitting being somewhat less than the ground 
state since g < 2 as - a result of the orbital moment. Figure 1 shbws the 
energy level diagram of such a system. 
3 2 
Fig. 1 Energy Level Diagram for Sodium. 
The transitions involved in magnetic alignment by optical pumping 
are included in this figure. The pumpin^ process here makes use of the 
selective excitation of Tight hand circularly polarized light propagating 
8 
along the direction of the field. In this case conservation of angular 
momentum requires a selection rule of LT = + 1 and hence pumping can occur 
oraybetweenthem.=- I level of the ground state and m. = 	level of 
the excited state. Spontaneous emission of either right or left hand cir-
cularly polarized photons is permitted with nearly equal probability. Thus 
for every two electrons pumped to the 2P1 excited level only one returns to 
2 
1 
the 111 . =- -2- ground state. In this way it is possible to populate the 
m. = + 2 ground state level and in so doing an increase in the net magnetic 
moment of the ensemble. The level to which pumping occurs is only of secon-
dary importance in this process. What is important is the relative values 
of the coefficients of spontaneous emission between the sub-levels of the' 
ground state and the transition probabilities connecting sub-levels - 2  and 
+i through the intermediate excited level. 
The relative importance of these parameters is seen by considering 
the generalized rate equations governing the population change of each ground 
state. Define 
b.. = probability per unit time of an electron initially in ij 
ground sub-state i, after interaction with pumping 
field, being transferred to ground sub-state j, 
w.. = probability per unit time that an electron in ground 
sub-state i will relax to ground sub-state j by means 
other than interaction with pumping field (spin lattice 
relaxation) . 
Thus in the simple two sublevel system diagramed in Figure 1 the change in 
sub-state populations is given by the two simultaneous equations 
- (1)21 	w21)n2 	(b12 	v12)ni. 
= - (1321 	w21) n2(1012 	1'712) 711 





(4) n1  + n2 = NT . 
9 
It is clear that either of the rate equations in addition to the constraint 
completely define the system. In general if there are N ground sub-states 
the above system of equations becomes: 
dnR N 
dt iR 
, (b 	+ w. )n. - + wRi )nR (5) 
i=1 j=1 
where the prime denotes omission of the terms i = R and j = R, i.e., those 
transitions which begin and end at the same sub-state. Such transitions ob- 
viously do not affect the population rate, however they do affect the absorp-
tion coefficient for incident light. Thus the average probability per unit 
time that an atom will absorb incoming photons and undergo a transition is 
= (bi1 	1)12) 111 	(132 1 	1322)% 
or in general: 
N N 
= 	b.. n. 13 1 
1=1 j=1 
At thermal equilibrium if the population of the sub-levels is nearly equal 
thenn.,:lel/N and the probability of absorption can be related to the equi-
librium absorption cross-section as: 
N 	N 	co y 
b.. = a d 




= spectral photon flux density in photons per cm2 per sec 
per unit frequency 
a = absorption cross-section in cm 2 at frequency v . 
The relaxation coefficients are in general all assumed equal. Thus 
if we define a spin lattice relaxation time for the complete ground state 




N (8)  
1' 
W.. - 	 
lj 	NTSL 
...,:. a ground state of N sub-states. For the simple system of the example, 
2 and the general rate equation would then become: 
dn2 
- N (b + 	) - (b + b12 + 	1 ) n2 dt 	NT 12 21 		T 2TSL 	 SL 
(9) • 
,.ire we have incorporated the constraint into the second rate equation. 
7, time varying solution of this differential equation is simply: 
F 	
T (1 - e 	 Oa) 
112  
NT (b12 
	23T- 	) SL  
4 	1  






TSL  (13) 
F 4 	 [TSL(b21 + b12) + 1] I ) 
Lathe case of the example we assign sub--state two as m i = + 1 and sub-state 
one as in = - 1. Then according to the selection rules b2 1 = 0. If the 
J 
relaxation time TSL 
is large so that 






ye see n2F NT i.e., complete orientation occurs. The steady state popula-
tion under pumping is therefore dependent upon the relative size of the 
transition probability and the relaxation probability as shown by equation 
(12). 
The transition probabilities are related to those calculated quantum 
mechanically for transitions between different energy levels of an atomic 
t system. These are derived by assuming the incident light interacts with the 
atomic system as a potential perturbation. Very briefly, if the unperturbed 
atom possesses stationary state functions described by the SchrOdinger equa- 
1 	tion 
i 
H Y. = E.. 1 m 	1  
then under the perturbing influence of incident light we have the general 
time dependent SchrOdinger equation 
+ HI ) f = 
t o f  
at • (25) 
The perturbed state function f is written as an expansion of the original 
stationary T's as 




wherea0 isunityatt=0andthea.'s approach zero at t = 0. Thus the 
atom is initially in the unperturbed ground state. Without going through 
thecletailsitturn.soutthattIlesolutionforthea.'s involves a reso- 
i 
nance term of the form 
[(E
o 
 - E.) ± hv] . 
In this term v is the frequency of the perturbing radiation, E 0 the energy 
of the ground state and E. the energy of an excited state. If v is such 
that 
o o 





.1y,/1 the perturbed state function is oscillating in time and the system 
--.ains in the ground state but is perturbed around the stationary level. 
„ civpver, if the resonance condition is satisfied so that 
Eo  - E. ± hv = 0 
	
(18) 
itisfoundthata-becomes real and the atom undergoes a change of state 
to the excited level. Under a resonance condition of this nature only a. 
isrealandlaT may be interpreted as the probability that the atom will 
t,e in statej attimet.wecan seethereforethatk . r must be related 
to the bij coefficients of the previous discussions. Carrying through the 
evelopmentdescribingia.1 2 in terms of quantum mechanical matrix coeffi-
cients it is found that 
81-P - b . 	= 	 .i2 




. = - o
dT . 
Here . o0 is the conventional electric dipole matrix element. Recall however 
that the b..'s of (5) relate to transitions from a sub-level i of the ground 
10 
state, i.e., yo , to another sub-level j of the ground state. The transition 
occurs however through a real intermediate excited state and the probability 
of that transition is given directly by (20). 
When the incident radiation does not satisfy the resonance condition 
the a.'s no longer determine transition probabilities since the atom does 
not experience an actual change of state. Rather the light is considered as 
being scattered as a result of its interaction with the polarizable atomic 
system. The system is in turn described by a time varying state function f 
as previously discussed. This basic approach is extendable to nonlinear 
effects such as Raman scattering by considering transitions between perturbed 
Stateninctionsf o and if .These later types of material-light interactions 
lead to the currently active field of photon-magnon interactions as dis-
Tassed by Blombergen53 and the discovery of the so-called inverse Faraday 




Optical pumping involving selective population of ground state 
levels has been observed in solids for paramagnetic ions of Cr3+ in ruby. 54 
 vewever, the effective population change was very- small because unpolarized
light was used and even at temperatures as low as 2.78° K nearly complete 
thermalization of the ground state sub-levels occurred. These same authors 
however observed that the long lifetime associated with the excited states 
provided an opportunity to perform paramagnetic resonance experiments be-
tween excited state sub-levels. To accomplish this it is necessary to create 
a population difference in the sub-levels of the excited state and others  
subsequently were able to perform this experiment using circularly polarized 
resonance radiation for pumping. It appears that population redistribution 
of ground state levels is practically unattainable in a solid ferromagnetic 
material; however, the concept of making use of the long lived excited state 
seems worthy of detailed consideration. In paramagnetic Cr3+ for example, 
the 	 and 
m. = - -2- . The ground state, however, is made up of sub-levels with M. = 
+ 3/2, + z  , - 	- 3/2 . Thus the Saturation magnetic moment per atom is 
decreased by a factor of 2/3 when it is raised to the first excited level. 
The same effect can be seen to occur with ions of Mn7 + . The ground state of 
mn 	 62+  has the spectroscopic notation S5/2 while the first excited state is 
given by 4P512 . Atomically, the excited state is one in which one -of the 
five 3d electrons is reversed in spin. While such a transition is forbidden 
by electric dipole interactions the state may be reached by exciting the 
atom to a higher state via an allowed transition. Subsequent decay through 
radiationless processes result in the atom existing in the metastable 4P 
state. This is a long lived state since the transition to ground can not be 
effected by interaction with incident photons. Employing R-S coupling the 
magnetic moment of the ion is given as 
M = - g34B 
where 
g = 1 + 
J(J + 1) + s(s + 1) - L(L + 1)  
2J(J + 1) 
as described in Section I. 
In the ground state the saturation moment is given as 
(21)  
(22)  
M = 	(2) (-2—) P = - 5µB 2 	B 
while for the excited state, g = 1.6 and 
M = - (1.6) (5/2) 1.1 B = 	4
B 
Johnson and Williams have measured the moment of M 2+ ions in ZnS and ZnF2 
 using resonance techniques. They have in fact observed a decrease in the 
moment by 1 Bohr magneton of ions excited by optical pumping. 
Thus there is significant evidence of a sizeable interaction between 
light and the magnetic moment of a paramagnetic assembly of ions. The point 
of interest for this research is whether these optical pumping phenomena also 
exist in ferro and anti-ferro magnetic solids. In solids the ions can no 
longer be considered as absolutely separate entities. Interactions between 
adjacent atomic sites of a crystalline solid result from both binding forces 
and magnetic exchange. The electrostatic potential of neighboring atoms 
causes significant variations in atomic energy levels and mixing of states 
so that a state function is no longer simply describable by the quantum num-
bers n, t, Tilt , and S. 
Of particular interest is the question of whether the concept of 
localized atomic levels can be carried over to solids with sufficient accur-
acy to predict optical pumping phenomena. The question of the validity of 
tight binding models in solids is not a new one. The success of band theory 
models and spin wave theory have caused many to propound these as the only 
rigorous approaches to quantitative solid state analysis. Yet there are 
those who have achieved remarkable results with localized atomic models. 
Recent calculations by E. E. Lafon in his Ph.D. thesis have demonstrated 
that even in metals accurate energy levels and band phenomena can be arrived 
at using improved tight binding techniques. 
Of major interest to this program is the magnetic moment, or rather 
the expectation of moment, for an atom in any selected excited state. In 
addition it is desired to estimate values of the excitation cross-section 
i.e., transition probabilities, and the lifetime of the excited state. In 
general the present state of the art in calculation from first principles 
is not sufficiently advanced to permit such estimates with high accuracy. 
It is possible however using crystal field theory55 to obtain estimates of 
15 
the appropriate wave functions and energy levels using perturbation theory. 
This technique, involving a localized model, is reasonable for the insulat-
ing ferri- and anti-ferromagnet materials under study. For a more complete 
description of the energy levels and state functions molecular field theory, 
often called ligand field theory must be applied. The advantage of ligand 
field theory is that charge transfer band gaps are included naturally. 
The general limitations however with crystal field and ligand field 
theory are that the significant parameters cannot be derived from first 
principles. Thus the crystal field parameter Dq, the so-called Racah inter-
action parameters, B and C, the spin orbit coupling parameter, etc. are of 
necessity left to experimental determination. In addition there appears to 
be no adequate theory to theoretically determine the lifetime of a given 
state in real materials. As a part of this research we have conducted a 
rather detailed study of the available theoretical approaches which could 
be applied to the problem of optically pumping a magnetic material. An 
appendix of this report includes a bibliography of papers studied. It has 
been concluded that while the detailed ligand field theory will be eventu-
ally useful in describing the experimental results of this work it can pro-
vide only qualitative direction of the experimental work. 
B. Literature File and System Study  
A card file system has been developed during this program to class-
ify and reduce the significant amount of literature reviewed in the course 
of the work. This has especially been useful in organizing data pertaining 
to the system aspects of a beam addressable memory to which our efforts are 
directed. While we have been primarily concerned with the optical material 
properties of the storage media, it is important that all work be consistent 
with the hardware goal of a 108 bit mass memory system. Thus we must con-
sider the potential of a material on the basis of available photon flux and 
energy, light distribution and deflection systems etc. The systems file be-
gun.during this phase of the program has started the collection of pertinent 
data related to such aspects. This effort is the forerunner of work to be 
carried out in greater depth during Phase III. 
C. Example of Pumping to Spin Flip State 
Gadolinium iron garnet can be used as a material to describe the 
optical orientation studied under this contract. It is the material em-
ployed in our measurements to date and has provided significant insight 
into the characteristics of this form of optical pumping. The concept to 
be developed depends on creating a significant population of a metastable 
excited state thereby changing the magnetic moment. 
Gadolinium iron garnet (GdIG) is a ferrimagnet consisting basically 
of an iron sublattice and gadolinium sublattice coupled via an antiparallel 
superexchange field. The material exhibits a compensation point with 
temperature where the sublattices are equal in magnitude and the material 
becomes antiferromagnetic. It is well-known that at this point H c , the co- 
ercive force, reaches a very high value. When the material is uncompensated, 
by a temperature change for example, the coercive force is drastically re-
duced. This provides a selection mechanism for magnetic memory storage. The 
idea to be studied in this work is if the same effect can be caused.by opti-
cal pumping. Thus if the material can be uncompensated at constant tempera-
ture by optically inducing a change in moment of one of the sublattices the 
coercive force is expected to change. In this material it is important that 
the temperature remain constant and therefore relaxation of excited atomic 
sites to ground state should occur by fluorescence. 
With these background restrictions the gadolinium ion seems to offer 
great potential. The significant characteristics of all rare earth atoms 
result from the fact that the electrons responsible for magnetic moment are 
strongly shielded by filled outer shells. These are electrons in the 4f 
subshell. Gadolinium has seven 4f electrons and thus possesses a half 
filled shell. The ground state for a free ion triply ionized is given in 
spectroscopic notation as 8P7/2 . The first excited state is known to be 
6
P7/2 and occurs as a result of a reversed spin of one of the 4f electrons. 
Employing R-S coupling it was shown in Section I that when the ion exists 
in the excited state the atomic moment is reduced by two Bohr magnetons. 
With such a large change in moment per atom, it is only necessary to excite 
approximately 4% of the gadolinium ions to significantly uncompensate the 
material. The 
6P7/2 state is additionally a long-lived metastable state 
and has been observed experimentally to decay by fluorescence to ground when 
studied as a paramagnetic dispersion in glass and also in GdM 3 . Because 
the rare earth elements are so well protected from crystal field and bonding 
influences they generally exhibit properties in solid state materials quite 
similar to those of a free ion. As a result estimates based on free ion 
states should be realistic within an order of magnitude. 
Estimates of pumping powers required to achieve a : 4% population of 
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excited atoms are easily made using the previously derived rate equations. 
The values for transition probabilities and excited state lifetime avail-
able for gadolinium have been measured in different materials and must be 
considered as quite tentative. The results however form a basis from which 
the projected efforts are directed. 
The analysis assumes a three energy level atomic structure for the 
gadolinium. Since the 6S7/2 metastable state is forbidden to electric di- • 
pole transitions in the free ion, population occurs via pumping to a higher 
excited state, 
61, which decays rapidly to the 6S7/2 level. The system of 
rate equations is quite similar to that for optically pumping ground state 
sub-levels as described by equation (5). Here however the transition prob-
abilities are associated with different atomic states rather than sub-states 
of the ground level. In this case the transition probabilities b i . are giv-
en directly by equation (19) and are interpreted as the probability of find-
ing the atom in state j at time t if it was in state i at t = 0. The three_ 
energy level rate equations then can be written simply as: 
- (b12 	b13 	W12 	W
• 
13) (W21) (W31) 
(b12 + W12) - (b23 	W21 + W23) W32 
(b13 + W13) (23 + W21) - (W31 + W32) 












For resonance radiation adjusted to pump from ground level to the upper ex-
cited state, state 3, only b13 is significant. Also experiment has indi-
cated that in Gd0t 3 the relaxation from state 3 to state 2 is predominant 
and since state 2 is metastable w 21 is very small. The energy separation 
between states is much larger than kT so relaxations from lower to higher 
states are essentially zero. These approximations yield the auxiliary 
equations: 
b12 = b23 = 0 
W12 = W13 = W23 = 0 
W32 >> W31 
W32 >> W21 • 
Introducing these restrictions into the rate equations gives 
- b13 n1 + w21 n2 + 
;12 = 	14.21r12 	1432n3 
n3 	b13n1 - W3 2 /13 
In the steady state condition n1• = n2• = n3
▪ 
 = 0 and the second equation, in 
conjunction with N
T 
= ni + n2 + n3 , yields 





i.e., n3F is essentially zero. This is consistent with the fact that we 
assume relaxation from state 3 to be essentially instantaneous. Under 
these conditions the basic system rate equation is approximately 
n2 = + b13n1 - .1421 112 
which, by incorporating NT = n1 + n2 , becomes 
(w21 	b13)n2 	b13NT = 0 • 
The steady state population of state 2 is simply 
(1013/w21)NT 
( 1 b13 /w2 1 ) 





The transition probability b 13 is related to the zero level absorption cross-
section simply by 
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b13 = 
i „there as in equation (8) 	is the photon flux in photons/m2 /sec and a is the 
i ' absorption cross-section in m2 . This is simply a limiting case of (8) assum- 
ing line source excitation. The cross-section a has been measured for gad-
olinium doped glass 12 and was found to be 
= 4.1 x 10-25 
0 
at X = 2,770A. Measurements of the lifetime of state 2 has been reported 




T 	 ,- 4 X 10-3 sec. 
W21 
Using these values we find the incident flux required to cause a 4% popula-
tion of state 2 is 
o4 	— 2.5 x 1025 photons/m2 /sec. 
.96GT 
Since the incident power density is simply 
P = 
this corresponds to a light source capable of producing 
P = 1.8 x 107 watts/M2 . 
A power density of this magnitude can be achieved by focusing the coherent 
outilt of a 1.5 mw laser onto a 104 diameter spot. 
As will be shown in the next section our experimental results to 
date indicate that the absorption cross-section is much larger and the life-
time much shorter than the values in GdCt 3 . This is indicative of a larger 
interaction between the lattice and gadolinium ion. The fact that this is 
the case is not surprising since inter-atomic coupling .15 necessary to 
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produce the magnetic ordering. A simultaneous increase in absorption 
cross-section and reduced lifetime may not be detrimental as it is the pro-
duct CT ;which determines the required pumping power. Since the lifetime T 
determines memory cycle time it is desirable for practical operation that 
it be much less than the free ion value of 4 X 10-3 sec. However, if this 
decrease in lifetime is the result of interactions creating non-radiative 
transitions then the resulting energy produces lattice phonons. This is . 
undesirable for operation with a compensated ferrimagnet but may be accept-
able if other materials, e.g., antiferromagnets are used. 
In general, there is no way to adequately describe the crystalline 
effects which control the lifetime of an atomic state. Many workers in the 
field of luminescence have studied the problem but there is as yet no 
effective single model. One approach involves determining the energy of 
the various states as a function of the physical position of the ion in the 
lattice. It is found that in general the energy minimum of an excited ion 
occurs at a different position from the ground state location. This effect 
can theoretically cause a configurational coordinate band overlap which 
allows radiationless transitions via transfer of phonon energy to the lat-
tice. This technique was first proposed by Seitz 56 and has been extended 
by Williams 24 and Dexter, Klick, and Russell.
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It is found however that 
the quantitative results are almost always in considerable error. Van 
Uitert
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has studied the lifetime of various rare earth ions in different 
materials (tungstates, fluorides, hydrates). He indicates that three sepa-
rate effects can be discerned, listing them as coulombic effects, concen-
tration effects, and thermal effects. He is not able to base these obser-
vations on any calculable model. In a later paper Van Uitert et al.
23 
discuss the concentration quenching of E. 1134- in various materials including 
tungstates, garnets, and orthoferrites. They conclude the decrease in life-
time of the excited states is a result of orbital mixing between the 4f 
electrons of the rare earth ions via the intermediate oxygen cation. Here 
again no calculations are made but it is a quite reasonable model. Only a 
detailed ligand field theory calculation would verify the assertion and it 
is questionable whether the wave functions could be determined accurately 
enough to permit the calculation of transition probabilities. In general 
then, only experimental measurements are useful in studying this problem. 
21 
Conclusion 
In this section the concepts of optical pumping have been reviewed. 
.„14,, have discussed some of the problems of trying to mathematically analyze 
the proposed phenomena. It appears that the best one can hope to do theo-
retically is to explain the results of a given experimental observation and 
even then only with considerable effort and order of magnitude accuracy. 
Theory is not sufficiently advanced to allow a priori predictions of the . 
cptical pumping characteristics of a proposed material. We must, therefore, 
iirect our efforts on the basis of previous experimental results and esti-
rnates based on extrapolations of free ion data. This approach is not new 
to research activities and the information gained in studying GdIG to date 
has provided significant insight into potentially useful materials. 
III. EXPERIMENTAL WORK 
Of the several garnets suggested for adaptation to this magneto- 
optical memory, only two samples have so far been available to us. These 
samples are alledged to be gadolinium iron garnet obtained, one from Bell 
Telephone Laboratories and one from IBM Thomas J. Watson Research Laboratory. 
Our experimental work has consisted of several studies, mainly on one 
sample, and on design and construction of equipment to prepare our own gar-
net samples. 
The samples we had, appeared to be opaque to visible radiation, and 
our measurements of reflectivity confirmed this and indicated that they 
are also very opaque to ultra violet. There is structure to the reflecti-
vity and in the absorptivity and index of refraction computed therefrom, as 
fUnction of wavelength; part of this structure may be associated with the 
transitions in gadolinium that we hope to exploit. 
Attempts to observe the transition in fluorescence failed, but the 
sensitivity of our experimental arrangement was too low if reported absorp-
tion cross-section for exciting the radiation in Gda 3 is comparable to the 
cross-section in gadolinium-iron-garnet. 
Observation of fluorescent radiation, when the crystal was bombarded 
with 20 kv electrons, resulted in damaging the crystal surface; pits appeared 
that could have resulted from local melting. Radiation that could have been 
the sought-for gadolinium transition was observed only when the electron beam 
1 
	
was directed into a particular one of the pits created by previous bombardment. 
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A spectroscopic analysis of a portion of the crystal indicated the 
_,tios of gadolinium and iron to be about proper, but no interpretation of 
I:. x-ray analysis for crystal structure has been received. 
The following sections report the foregoing studies in detail. 
Reflectivity  
1. Apparatus and Observations  
A Gertner monochrometer was joined to a light tight sample chamber 
a water-cooled high pressure mercury arc source in the configuration 
;thematically represented in Figure 2. 
The sample was mounted on a rod so that it could be placed in the 
from the monochrometer and rotated to the desired angle, or lowered to 
remove it from the beam. 
Radiation in the direct beam or the beam reflected from the sample 
tell onto the end of a glass "light pipe," a rod of glass about a centi-
reter in diameter. The end of the pipe was coated with sodium salicylate 
to produce light that would pass the glass when the beam was ultra violet. 
The pipe was bent into a hook-shape that passed out the top of the sample 
chamber at its center. Above this end of the "pipe" was the face of a 
photomultiplier tube. The lower end of the "hook," the end coated with 
salicylate, was a vertical surface that could be rotated about the., center 
of the sample chamber to receive the direct beam from the monochrometer 
when the sample was lowered, or to receive the reflected beam from the 
sample at any angle that did not put it in the way of the port where the 
radiation entered the chamber. The cylindrical sides of the light pipe 
were coated with a reflective coat of aluminum. The lamp capillary was 
parallel to the monochrometer slit; no condensing lens was used between 
the lamp and the monochrometer; the full aperture of the monochrometer was, 
thus, not used. Radiation from the exit slit was approximately the width 
of the slit and diverging very slightly. A stop in the sample chamber 
limited the vertical height of the beam, and confined its angle with re-
spect to the beam axis. Our vertical beam spread was perhaps 2 ° each 
side of the axis and the horizontal spread up to 1° when the slits were 
open widest. The resulting measurements are subject to these limitations; 
there will be more narrow limits in a similar instrument now being assem-
bled for further reflectivity measurements on samples we are growing our-
selves. 
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Fig. 2 Sketch of Optical Measurements Facility. 
24 
r. 
A Glan-Thompson prism was placed in the exit beam to define the 
-.solarization. 
Reflectivity at any wavelength and angle was the ratio of the inten-
rity of the reflected beam to the intensity of the beam directly intercepted 
ti the end of the light pipe, with the sample lowered. Repeated measure-
:lents of reflectivity indicated that the source variation was not the limit-
ign uncertainty in our measurements. 
For the gadolinium iron garnet sample, polished plane, reflectivity 
lata were taken at three different angles of incidence, 70 ° , 45° , and 20° , 
over the wavelength range corresponding to photon energies 3.5 to 5.5 eV. 
These are shown in Figures 3, 4, and 5. Some additional data taken without 
a polarizer at lower photon energies were not reduced. 
2. Data Reduction  
Fresnel's equations give the reflectivity of a plane surfaced, half 
infinite isotropic sample in terms of the angle of incidence and the complex 
index of refraction, N, which is a particular combination of the absorptiv-
ity, 11, and the phase velocity of radiation relative to light in free space, 
1/n. 
= 	- 3 	n 
For radiation polarized in the plane of incidence Fresnel's equation 
i s 
R = Rs • [(a - sin tan 6) 2 + b2 ] / [(a + sin 6 tan 
3 )2 	b2] 
here 
= [(a - cos 6) 2 + b2 ] / 	+ cos (13 )2 + b2] 
a2 = 	i(n2 - 	 2 - sin2 ) 2 + 4n2 k2 	(n2 - k2 - six? 6)1 
X 
	b2 = 	[n2 - 1c2 - sin2 	+ 14.n2 k2 Y - (n2 - k2 - sin2 
reflectivity is available at two angles, then this equation yields n and 










Fig. 3 Reflectivity vs. Photon Energy Polarized in the 
Plane of Incidence. 
Angle of Incidence = 70° 
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11 
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12 	Fig. 4 Reflectivity vs. Photon Energy Polarized in the 
Plane of Incidence. 
Angle of Incidence = 45° 
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Fig. 5 Reflectivity vs. Photon Energy Polarized in the 
Plane of Incidence 
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A computer program has been established to extract n and n from 
cured reflectivities. The structure of the program is the following: 
Reflectivity is computed for inserted "trial" values of n and ri and 
--specified increments in n and r to each side of the trial values. There 
Lro nine such combinations. This is done for each angle of incidence for 
ich data is available. For each n and ri the computed reflectivities are 
.ipared with the observed ones at the appropriate angles. One of the nine. 
—'rs of values of n and TI are selected as giving the best fit (on a least 
:z.:ere deviation basis). The selected value becomes a new trial value and 
process is repeated until no improvement results from further iteration. 
Experience has been gained with operating this program on the above 
:sta. Its reduction of the reflectivity data of the one sample studied is 
;resented in Figures 6 and 7. 
3. Interpretation  
. This data is of significance to our purposes in the following ways. 
structure, as function of wavelength, in the optical properties of materials 
:f interest can be revealed by measurements of this type, and experience is 
.n. hand for modifying the assembly of instruments to more efficiently give 
the data required, and to give data of better quality. This will be pursued 
when crystals of our own manufacture become available. 
The gadolinium iron garnet was essentially opaque; in particular, it 
as too opaque to the radiation capable of "pumping" the transitions re-
aired for magnetic uncompensation for it to be of practical interest, ex- 
cept, possibly, in very thin (one micron thick) samples. Likewise, it is 
too opaque to the radiation that might have relaxed the uncompensation with-
cut heating the crystal. 
It is comforting that our measurements yielded absorptivity only a 
"actor of two different from other recently reported data. 14 No effort has 
teen made to reconcile this difference, which might be due to different im-
Tarities in the two samples. Estimates . of numerical reliability of reduced 
!...ta will be made when samples of greater practical interest are in hand, 
and when the data is taken under improved conditions for which this work has 
Pointed the way. 
The broad peak in the absorptivity shown in Figure 6 around 4.3 ev 
could be associated with absorption by the transitions at 0.2741 µ and 
;.2700 	This is the absorption we hoped would pump the magnetic transi- 
tion. That the peak is broader than had been reported 12 is not surprising; 
x 10 5 
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, correlation of spins associated with the ferrimagnetism indicates some 
traction between the 4f orbitals of different gadolinium atoms, inter-
.!.ion that was not present in the reported observations on gadolinium dis-
,:sed in glass where there was no exchange coupling. 
Further removed from explanation than the broadness of the observed 
,:orption is its strength. To be observed clearly above the general ab- 
rotion of the crystal, absorption tentatively believed to be associated . 
an oxygen-iron charge transfer process, the absorptivity associated 
,:th the gadolinium must have been about 0.5 x 10 5 am-1 . This would cor-
.1 Tond to an absorption cross-section of about 
a 	0.5 x 105 cm-1 
.96 x 1022 atoms/cm3 
- .5 x 10-17 cm2 /Gd atom 3 
:xmared with a 10-2° cm2 per gadolinium atom reported for the two transi-
1 1.ons cited. Consequently we cannot be certain that the absorption peak is 
associated with the hoped for pumping transition. Such a question would be 
:;'greater practical significance with a less opaque crystal, such as we 
apect some of the other rare earth garnets to be; with them, however, there 
:hould be less uncertainty in all interpretation of experimental results. 
. Fltorescence 
1. Apparatus and Observation 
The reflectivity assembly was modified to study whether fluorescent 
nidiation at 0.3 4, or thereabouts (0.3125 for Gd in glass and close to this 
(!welength in CdCt 3 ) could be observed when the gadolinium iron garnet sample 
'ilts irradiated with shorter wavelength ultraviolet. This fluorescent radia-
tion corresponds to the forbidden transition 6z7p 857/2, but has been ob-
:erved in the cases cited. 
The assembly indicated in Figure 2 was altered by replacing the lamp 
xr.J:1 its housing by an ultraviolet sensitized photomultiplier tube and its 
:'-rising. The light pipe was removed from the sample chamber and radiation 
:flimited band width was admitted through the auxiliary port from another 
71cmochrometer. 
The exit slit of this monochrometer was focused onto the sample and 
same area on the sample was focused onto the slit of the Gertner mono-
: 1%rometer, now employed as a spectrometer, or "analyzing monochrometer," by 
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t vartz condensing lens. 
The same water-cooled mercury arc was the source of radiation. The 
72nochrometer was an SI quartz prism instrument. 
Preliminary alignment and focusing could be done with visible radia-
tion. The analyzing monochrometer would be set to the same wavelength as 
tlle source and the sample turned to reflect radiation from the illuminated 
irea into the analyzing instrument. 
Finally, had fluorescent radiation been observed, the ratio of fluor-
escent emission to intensity of radiation was to be determined by the rela-
tive response of the photomultiplier to the fluorescence and to radiation of 
the fluorescent wavelength reflected off the sample, the reflectivity being 
.gown from the measurements described in Section III-1. The relative sensi-
tivity of the photomultiplier at the two wavelengths would have been needed 
for reducing such data; tentatively we intended to assume that the quantum 
efficiency of the sodium salicylate is constant over the wavelength range; 
direct calibration would have been attempted if questions arose whose answers 
demanded it 
The source monochrometer passed a background at wavelengths for which 
it was not tuned with intensity about 10 -4 of that for which it was tuned. 
This is about what is to be expected of the 1 cm prism aperture of the SI 
instrument. Some structure, associated with the mercury source spectrum 
could be observed. 
Because our source lamp emitted much more strongly at wavelengths 
Beater than 0.31 4 than at shorter wavelengths the effect of the background 
:ade observation of fluorescence impossible when the source monochrometer 
was tuned in the region of interest, 0.27 p. 
It was therefore necessary to use two SI instruments in tandem. Each 
was mounted on a Greenlee milling table to facilitate adjustment in transi-
tion and rotation. With the two, the background was reduced enough to war-
rant an attempt to observe the fluorescent radiation. 
A. sprocket was installed on the Gertner monochrometer wavelength 
shaft. to drive a potentiometer. A voltage from the potentiometer actuated 
the x motion of an x-y plotter while the y motion measured the photomulti- 
Iplier current. This arrangement made possible rapid surveys of limited wave-
length ranges. 
Even with two source monochrometers in tandem some mercury arc struc-
t'are was visible when the analyzing monochrometer was tuned away from the 
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,„%-elength of the source and the sample was adjusted to directly reflect 
c source into the analyzing monochrometer. Rotating the sample a few de-
:ces removed the direct reflection, but should not have appreciably altered 
-. orescent radiation emitted from the illuminated area that entered the 
-.1yzing spectrometer. 
Indeed, rotation of the sample 10 degrees from the position for max- 
reflection did reduce the signal through the analyzing monochrometer by 
ifactor of 10-3 when tuned to the wavelength of the source monochrometer. 
,-ay from this wavelength the response was hidden in the photomultiplier 
No fluorescence was observed, but the noise level of our photomulti-
;iier places an upper limit on the strength of the fluorescence. It will be 
;Ilown that this upper limit corresponds to a larger cross-section than that 
A :ported for gadolinium in glass, so if the reported figures for absorption 
-ross-sections apply to our sample, then the fluorescence would have been 
:co weak to be observed with our apparatus. However, if the absorption peak 
11,ove discussed, is associated with absorption by gadolinium, then it is pos-
:ible, but not certain, that we could have observed fluorescence; the uncer-
:linty lies in the unknown probabilities for the states excited by radiation 
tround 0.27 microns terminating by transitions to the state responsible for 
nmorescence and by other means. 
The procedure was as follows: After alignment of the system the 
three monochrometers would be tuned to the same wavelength, some wavelength 
:tithe ultraviolet shorter than the expected fluorescence at 0.31 microns. 
be monochrometer slits would be adjusted to match the bandwidths selected. 
For tuning of the three monochrometers, the sample would be oriented for 
:reflection, or else it would be replaced by a front surfaced plane mirror. 
After tuning, the sample would be oriented about 10 degrees from the 
;osition for reflection. The response of the photomultiplier would fall by 
i factor of 103 , but there would be enough scattered radiation to be well 
.ave the noise level. 
A typical response is sketched in Figure 8 taken from the x-y 
;'-otter record. The several items of interest are labeled and the numbers 
tttached to the several branches are the photomultiplier current for full 
=ale deflection for the associated sensitivity of the photomultiplier cur-
rent. 
This particular record had for the illumination wavelength band one 
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that included the wavelengths of the two transitions thought to populate 
.$1,=. 
6p7/2 state through some process; these were reported at 0.274 p and 
).277 p. Our band was centered at 0.276 4 and the slits of the SI mono-
chrometers were open 2 mm, which should correspond to a bandwidth of 0.024. 
The Gertner slits were opened 0.11 mm corresponding to a bandwidth of 0.054 
sear 0.31 u. 
It is evident from the figure that the response is reduced to about 
10-3 by rotating the crystal away from specular reflection. The response 
in the vicinity of 0.3125 p, the expected wavelength of the fluorescence is 
dawn by another factor of 70; we would have observed a change amounting to 
half or one-third this average dark current level. Response at other wave-
lengths for the source were similar and none showed any fluorescence. 
There was a hint of fluorescence at 0.309 microns when the illumination was 
centered at 0.286 microns. Because of the limited sensitivity of the appar-
atus and the fact that the wavelength is shorter than anticipated we have 
not been able to identify this as the desired gadolinium fluorescence. The 
fluorescence cross-section, computed in the next section, for this fluores-
cence, would have amounted to 
o.6 x 10-18 cm2 
When the illumination was centered at 0.297 microns the region of expected 
fluorescence was still well on the slope of the radiation scattered by the 
crystal surface. 
2. Reduction of Observed Data 
The ratio of response when adjusted for reflection and for fluores-
cences is thus greater than 7 x 104 , and fluorescence, say 20 x 104 less 
than reflection could have been observed. The geometry of the configuration 
was such that the aperture of the analyzing monochrometer was filled. A 
cone from the sample with a solid angle of approximately 
= 4 x 64 steradians 
(corresponding to f/8), was accepted and this was close to the spread of 
the cone from the source. Thus, the reflected response is a measure of the 
illumination of the sample, to the extent the above suppositions are correct. 
3I. 
The illuminating radiation inside the sample is rapidly reduced in 
intensity by all the absorbing processes. If the intensity just outside 
I the surface is I, then inside the sample at distance Z, the intensity is 
(1-R) Ie
-ce Z
, where R is the fraction reflected. 
For fluorescence cross-section, a, the emitted radiation intensity 
from a layer for unit time per unit area will be 
I
f 
= (1 - R) pa cyt-i— C X ) Ie -uzdz 
where p is the number of gadolinium atoms per unit volume and X/X f accounts 
for the lower energy of the fluorescent quantum. The fluorescence will be 
emitted in all directions, throughout the solid angle 47. The fraction of 
this that is emitted in solid angle w i which will enter the analyzing mono-
chrometer is (.0 1/47. The total fluorescent power entering the monochrometer 
from unit area on the sample is therefore 
cc, 
Pf = (.1 - 	—4F Pa  
0 
Ie -uze -cif zdz 
where of is the absorptivity for the fluorescent radiation. This develop-
ment neglects the difference between the cosine of the angle the propagation 
direction makes with the normal and one, something less than the difference 
between 0.9 and 1.0. 
The solid angle W is smaller than w because the direction of propa-
gation is closer to the normal in the solid than in the air outside. For 
incidence and exit close to the normal 
0,0 N2 
where N is the index of refraction, approximately 1.9 for the fluorescent 
radiation at about 4.0 ev (see Figure 7). 
The ratio of power reflected into the monochrometer to power received 
from fluorescence is 
IR 
4 x 4 x 64 
a 	
20 x104 
(1.9) 2  
(2 x 6.8 x 105 ) 




The ratio of the responses of the photomultiplier, assuming equal quantum 
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1-R was 	a + f
) 
R is the reflectivity for the incident radiation, N is the index for the 
fluorescent radiation. This is the response, without absorption, to the 
atoms in a layer 1/2 a thick if a and- of are equal. Our observation gave 
the lower limit of this ratio, 20 X 10 4 for the example cited. 
20 x 104 f 1RR 	4 x 4 x 64 N2  (a + af) n 
4 x 4 x 64 	R 	N2 
2 	01  0 x 1 1-R 
a ) 
The reflectivity at 20° , 0.13, is a satisfactory value for R (Figure 5 at 
4.5 ev). N at 4.0 ev, approximately the fluorescent quantum energy, is 
1.9 (Figure 7). In gadolinium iron garnet n is 0.96 X 10 22 cm-3 , and 
6.8 X 105 am-1 will do for a and a
r 
Thus 
= 0.4 x 10 -12 cm2 
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3. Interpretation  
Should the published value, 10-20 012  be the cross-section for ab-
s orption in this wavelength region, the fluorescent cross-section would be 
even smaller and our instrument would not have detected fluorescence. Had 
the absorption peak we observed (a > 0.5 x 10 -17 cm2 ) been truly associated 
with gadolinium, then we should have detected fluorescence if the fluores-
cence accounted for a sizeable fraction (more than 0.1 or 0.2) of the decay 
of the states excited by the absorption. If there were appreciable competi-
tion we still would not have detected fluorescence. 
We will have more favorable conditions with future samples. The 
water-cooled mercury lamp will be replaced by an air-cooled one, which has 
been constructed and tested. From this lamp we expect higher ultraviolet 
output, which should allow observation of larger ratios of reflected re-
sponse to fluorescent response. If necessary coherent detection will be in-
troduced to reduce the dark current noise limit of the photomultiplier detec-
tor. 
C. Electron Bombardment 
An Acton MS-64 Electron Microprobe consists of an electron gun and 
beam focusing devices that will 'bombard with electrons a spot nominally 
10 microns in diameter. The purpose for which the instrument was built is 
x-ray analysis of small selected areas on a sample. X-ray spectrometers 
analyze the x-rays emitted by the sample under bombardment by 9000 to 
25000 volt electrons. The sample position is accurately controllable from 
outside the column, and the beam can be swept over the sample in a con-
trolled manner. There is a low power microscope to facilitate location of 
the beam on a particular region of a sample. The objective of the micro- 
scope has only reflecting elements, so it should pass ultraviolet. Follow-
ing the objective elements in the optical train is a glass window from the 
evacuated column to the outside. A tube carrying what amounts to a regular 
microscope eyepiece is mounted to look through that window; there is a beam 
splitter in the tube for illumination of the sample. 
We modified the electron microprobe instrument as follows. The glass 
window was replaced by a quartz window so ultraviolet radiation emitted by 
the sample would pass out. The exterior part of the microscope, the tube, 
eyepiece, etc. were replaced by a tube with the entrance slit of a Gertner 
ultraviolet monochrometer located where the objective forms the image of 
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the sample. A salicylate coated photomultiplier collected radiation from 
the exit slit. 
In summary, the electron beam column, the objective with reflecting 
optics, and the sample handling facilities of the Electron Microprobe were 
used in conjunction with an analyzing monochrometer and a photomultiplier 
detector to observe fluorescence excited by electron bombardment. The x-ray 
spectrometers were not used. 
The same polished surface of gadolinium iron garnet used in the re-
flection and fluorescence observations of Sections III-A and III-B was bom-
barded. Serious damage to the surface occurred, even with only' 9000 volts 
accelerating potential, the lowest available. Fits up to 40 microns deep 
(subsequently measured with a metallographic microscope with a micrometer 
scale on its objective adjustment) were formed, with glassy looking beads 
around their edges. 
Fluorescence was observed at 0.314 microns when one of the deep pits 
was bombarded. Elsewhere on the sample there was no fluorescence. This is 
likely radiation associated with the 61),712 8S7/2 transition in the gado-
linium ion. Its presence only from the damaged crater can be explained sev-
eral ways, but we are not certain of what was taking place. 
One attempt to explain the observation assumes that excitation by 
the high energy electrons in the beam occurs too deep in the crystal for 
the radiation to emerge. Excitation observed from the crater then arises 
either from bombardment by secondary electrons, which have lower energy, 
and therefore excite gadolinium ions near the surface, or else the damaged 
crystal has been converted, in part to a glass in which the radiation is 
not so strongly absorbed. 
We have yet to test the first hypothesis with an apparatus that will 
produce an electron beam of lower energy. This low energy system has been 
fabricated and pumped down but time has not permitted evaluation of the law 
energy electron gun or study of any samples. 
IV. MA'T'ERIALS CONSIDERATIONS 
Crystal  
As a result of our initial experiments a decision was made that sig-
nificant additional work depended on the ability to fabricate a variety of 
material samples. We had initially intended to purchase the required 
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crystals, however, the expense and inflexibility of control turned out to 
be a severe limitation. Thus a furnace has been constructed which now per- 
mits crystal growing within our awn laboratory. This furnace has a vertical 
tube resistance heated chamber approximately 2-3/4" in diameter and 8 inches 
long. The heating element is a standard commercial assembly manufactured by 
Kenthal. A photograph of the oven and power supply is.shown in Figure 9. 
Accurate control of oven temperature is essential using the molten 
flux crystal growth process. This technique for growing garnet materials 
has been developed to a large extent by Nielsen," and requires a very slow 
cooling rate with minimum variation around the nominal value. A feedback 
controller has been designed, and is now in operation, which permits cooling 
rates of as low as 0.8° C/hr. and maintains the temperature within 0. ° C of 
the nominal value. This particular controller permits only a constant rate 
decrease during operation. A design has been completed however, which 
allows programmable rates over different intervals of the cooling cycle. We 
hope to complete fabrication of this unit during the remainder of this con-
tract. Operation of a programmable controller permits more efficient use of 
the growing periods. It is possible to decrease temperature relatively rap-
idly from the high value at melting, then as the critical nucleation point 
is approached the rate can be reduced to a very low value to assure growth 
of large sound garnets. Subsequently it may be desirable to increase the 
rate again until a satisfactory pouring temperature is reached. 
We have fabricated a special fixture to form slugs of the starting 
materials of identical shape to the crucible. This is anticipated in pro-
ducing large crystals. Materials are on hand to grow terbium and dyspro-
sium iron garnets and a variety of properties can be attained by selective 
doping. For example, using non-magnetic impurities with high absorption 
cross-sections at proper wavelengths it is possible to simultaneously ad-
just compensation temperature and absorption coefficient. Althoug consid-
erable time has been expended in developing this fabrication facility it is 
believed to be the most practical approach towards achieving the long range 
goals of the program. It is important to note that its usefulness is not 
limited to fabricating garnets. It will also be used for preparing samples 
of antiferromagnetic materials to be studied in the future. 
B. Evaluation of Rare Earth Iron Garnet Optical Properties  
Section III contained the experimental results of the optical proper- 
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unique in the literature, emphasizing the characteristics in the vicinity 
of the gadolinium-free ion excitation energy. We have shown the existence 
of an absorption peak which seems likely to be associated with the gadolin-
ium transition, While previous experimental limitations did not allow an 
unambiguous determination of the existence of fluorescence radiation there 
is reason to believe it may occur at very low intensity. However, as a re- 
sult of the large absorption band width, it seems likely that competing non-. 
 radiative transitions were responsible for the greatest portion of decay 
from the excited state. 
Such effects are quite reasonable when the entire absorption spectrum 
of GdIG is considered. We observe that the gadolinium transition frequency 
lies well within a very strong absorption band. This absorption appears to 
be a "conduction band" as evidenced by the magnitude of the absorption co-
efficient and recent data on photoconductivity of Grant and Ripple. 13 This 
conduction band is now generally attributed to a charge transfer from an 
oxygen anion to the unfilled 3d shell of the iron cations. It is therefore 
a characteristic of all the rare earth iron garnets and for that matter of 
all iron containing oxides. We cannot therefore expect free ion behavior 
for the gadolinium ions since in absorption charge transfer transitions com-
pete with incoming photons and in emission the excited gadolinium atoms can 
easily give up their energy to the creation of hole-electron pairs. 
It is interesting to note however that both terbium and dysprosium 
possess spin flip energy levels which are approXimately at the conduction 
band edge. Thus there is the possibility that these materials could exhi-
bit the desired optical pumping properties. There are several disadvan-
tages to these ions in the rare earth iron garnet form. 
First the measured lifetimes of the excited states has been shown 
to decrease as one gets further away from gadolinium in the periodic table. 
Terbium therefore has the next longest lifetime followed by dysprosium, 
holmium, etc. In dysprosium chloride, Dieke and Hall
11 have measured the 
lifetime as approximately 10 1.1 sec. For a given absorption transition prob-
ability the required pumping power increases inversely with the lifetime. 
No measurements are available however on the transition probability of these 
ions in the garnet lattice. 
Secondly, the compensation temperature of the rare earth iron garnets 
decreases for terbium and dysprosium. This means it is somewhat more diffi-
cult to provide the required temperature bias around which memory operation 
must take place. In both cases however, the required temperatures can be 
achieved by thermoelectric cooling units eliminating the need for liquid 
gas refrigeration. 
If any of the rare earth iron garnets will work in the proposed 
scheme it will be TbIG or DyIG. This is because terbium and dysprosium are 
the only rare earth ions with spin flip transition at or below the charge 
transfer energy band gap of the iron containing garnets and in addition, 
exhibit fluorescent emission return to ground state. These materials are 
being fabricated now and will be evaluated for transition cross-section and 
fluorescence emission. In the event that these measurements yield positive 
results measurements of coercive force versus pumping will be attempted. 
C. The Potential of Certain  Antiferromagnets  
One of the significant problems of optically pumping a temperature 
compensated ferrimagnet is the release of energy into the lattice. The 
ions are so tightly bound that energy transfer via non-radiative transitions 
is highly probable. In the garnets this creates an uncompensation because 
of thermal effects. As a result one is again limited by heat spreading and 
thermal time constant considerations. A possible way around this problem 
is to use materials whose compensation does not depend on temperature, i.e., 
antiferromagnets. These materials consist of two magnetic sublattices ex-
change coupled in an antiparallel fashion. In general the two sublattices 
contain identical atoms, e.g., Mn0 where the sublattices each contain only 
manganese ions; however, there are a number of antiferromagnets which are 
believed to be stable antiparallel arrangements of different ions. 
An important example of this type is CoMn03 described by Bozorth and 
Walsh.
26 Magnetization measurements of this oxide indicate that is con-
sists of antiparallel cobalt and manganese sublattices. The material is not 
completely compensated, an effect attributed to the different orbital con-
tributions to the moments of the two ions. It is thus sometimes referred 
to as a weak ferromagnet, however the exchange interaction and basic mag-
netic structure is essentially antiferromagnetic. We would then expect a 
drastic change in coercivity if the magnetization of one sublattice could 
be changed, i.e., if the material were optically uncompensated. It seems 
that this should be possible since, as discussed earlier, manganese possess-
es a spin flip transition level and it generally occurs well down in the 
visible spectrum, e.g., 5,950 A in ZnF2 :Mn 	. While the lifetime of the 
excited state is known to be short, because of the 3d nature of the elec-
trons, the absorption cross-section is probably high. Since heat resulting 
from relaxation via non-radiative processes would not affect the antiferro-
magnetic coupling appreciably such a material possesses significant advan-
tage over the rare earth iron garnets. Other dissimilar ion antiferromag-
netic materials are MCr03  where 14 = certain rare earths, DyFe03 , HoCoO3 , 
HoMn03 , and Co2 MnO. Neutron diffraction data indicates that some of these. 
may consist of two essentially independent antiferromagnetic sublattices 
each containing only one type of ion. There are instances where the data 
is inconclusive either way and these materials all merit further study. 
Thus it appears that certain antiferromagnetic materials provide 
significant potential toward achieving memory operation by optical pumping. 
This is especially true of CoMn0 3 which could be operated at room tempera-
ture with no thermal control and would not depend on luminescent decay to 
achieve the desired operation. 
V. CONCLUSIONS AND RECOMMENDATIONS 
This report has cursorily described the status of our findings to 
date. While we have as yet no conclusive evidence to verify that the pro-
posed pumping phenomena is a practical approach, we are in a position to 
select and fabricate materials with the greatest potential. It is appar-
ent that the gadolinium iron garnet crystals grown by the present molten 
flux technique will not exhibit the desired characteristics. The conduc-
tion band causing the large competing absorption is probably a character-
istic of the iron-oxygen combination rather than impurity induced interband 
gap levels. As such the rare earth garnets are all limited by this absorp-
tion edge. Only terbium and dysprosium offer a possibility of pumping at 
energies below the conduction band edge. Antiferromagnets overcome the 
problem of lattice phonons creating uncompensation but little is known of 
the optical properties of the potentially useful materials. 
- As of the originally proposed termination data for Phase I we are 
not in a position to proceed to a fabrication effort as conceived for Phase 
II. It is therefore proposed that the Phase II time be used to continue 
the required fabrication and optical evaluation of TbIG and DyIG. Time will 
not permit study of the antiferromagnets and it is strongly recommended that 
this work be funded during the following 12 month period." With the optical 
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apparatus and crystal growing facilities developed during this period the 
proposed future work can be carried out in greater detail and in a much 
shorter time than has been possible to date. 
The concept of uncompensating an antiferromagnetically ordered sys-
tem is of significant interest both theoretically and practically. The 
significance of achieving le bit high speed random access computer memor-
ies with passive element reliability should not be understated. Optical 
pumping is considered a powerful approach towards achieving that goal. 
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I. OPTICAL PUMPING 
A. Introduction  
An area of major concern in the development of digital computing 
hardware is the lack of a technology capable of providing high density 
random access memory. Thin magnetic films are currently used for memor-
ies of approximately 106 bits and cycle times of 500 nanoseconds. This 
technology however is limited by energy loss constraints as the input and 
output transmission lines become extremely small at higher bit densities. 
Cryogenic memories are potentially capable of overcoming this difficulty 
because of the negligible losses in superconducting paths. Work in'this 
field has however not been successful after ten years of development. 
An alternative to the cryogenic approach is one exploiting the mag-
neto optical properties of certain materials. One proposal of this type
1 
makes use of laser induced heating of a magnetic materinJ to change the 
coercive force at one small spot in a ferrimagnet. In this approach 
storage density and switching times are limited by the thermal character-
istics of the material. 
A more promising approach is to exploit photon-electron interac-
tions rather than photon-phonon interactions. Recently Forlani and 
Minnaja
2  observed that population of the first excited state by optically 
induced electronic transitions involving the 4f electrons in the rare 
earth ions should cause a significant change in their magnetic moment. 
This is referred to as optical pumping. They proposed that an excitation 
of this type should manifest itself as a reduction in magnetic coercivity 
in materials such as the rare earth garnets. The existence of this pheno- 
1 
mena would provide a memory technology with bit density being constrained 
primarily by the resolution limits of the incident light. Time constants 
for such an excitation would be governed by the lifetimes of the excited 
states, typically 10 -6 to 10 -7 seconds. A 10 8 bit memory could be fabri-
cated on a single plane of material 3 inches square. 
This research program has been directed towards gathering the basic 
information required to predict the feasibility of an optically pumped ap-
proach. As a result of this work we have obtained a rather complete set of 
data which provides the first absorption spectra characteristic of bulk 
GdIG and TbIG over the 2 ev to 5 ev energy range. From these experimental 
results and the theoretical evaluation of the pumping and thermal process-
es it is concluded that there is a high probability of achieving the de-
sired memory operation. The actual experimental phenomena was not demon-
strated because of time limitations, and should be seriously considered as 
a program for continued funding as a result of the potential significance 
to future computer systems. 
B. Optically Accessed Memory Concept  
The memory concept to which the research applies is that the in-
trinsic saturation magnetization of an ordered spin system can be changed 
by optical pumping. 
In certain materials, terbium iron garnet for example, the coercive 
force is very sensitive to changes in saturation magnetization of the ter-
bium sublattice. TbIG is a ferrimagnet and the total magnetization is the 
vector sum of that due to the terbium sublattice and that of the iron sub-
lattice. At low temperatures, e.g., 10 ° K, each sublattice is exchange 
ordered and the two are coupled in an antiparallel fashion via a superex- 
2 
change mechanism through the oxygen ions. At higher temperatures thermal 
energy overcomes the direct exchange of the terbium sublattice rendering 
the rare earth ions paramagnetic. There remains however a net terbium 
sublattice magnetization as a result of the superexchange molecular field. 
In this temperature range the terbium sublattice magnetization obeys a 
Curie type law so that 
HeffC 
T - Tc 
where 
	Heff 
is the superexchange effective field, 
C is the Curie constant, 
Tc is the Curie temperature. 
The Curie temperature of the iron sublattice is much higher than that of 
the terbium sublattice but the saturation magnetization of the terbium 
sublattice is larger than that of iron. Thus as temperature is raised, 
the iron moment remains sensibly constant while the terbium moment varies 
inversely with temperature. At one temperature, approximately 2 2+6° K for 
TbIG the two sublattice magnetizations are equal and opposite. This tem-
perature is called the compensation point. At this point there is no net 
magnetization of the material and hence no couple between the spin system 
and an external field since 
net 
x Rext = 0. 
As a result the coercive force becomes very high at this point approaching 
3 
infinity in a first order model. In actual practice a large but finite 
coercive force exists. Around this compensation point the coercive force 
is a very sensitive function of sublattice magnetization. For example, 
a change of 5% in the terbium magnetization can reduce the coercive by a 
factor of nearly 5. 
A memory exploiting this effect would be accessed in the following 
manner. Assume a single crystal slab of terbium iron garnet is magnetic-
ally saturated to a single domain configuration with the iron sublattice 
moment pointing left and the terbium sublattice pointing right. The tem-
perature of the sample is held constant at the compensation temperature. 
If a magnetic field directed from left to right is applied to the entire 
sample no switching will occur if the field strength is less than the 
coercive force. Assume the applied field has an amplitude of H e '/2 where 
H
c 
is the coercive force at the compensation point. Application of a fo-
cused laser beam to a predetermined spot would then through optical pump-
ing reduce the terbium magnetization, uncompensating the net spin system, 
and hence reduce the coercive force at that spot. As a result there would 
be a local switching with the net moment pointing from left to right. Re-
moval of the laser beam and magnetic field would then leave a stable re-
versed magnetic domain with the iron moment right directed and the terbium 
moment left directed. Such a configuration might be designated as binary 
"1" while the oppositely directed configuration would be called logical 
"0". The sense of a particular spot would be read out using the Faraday 
effect associated with the iron. sublattice. 
C. Theory_of Optical Pumping  
The magnetic moment of the rare earth ions is a result of the 
4 
orbital and spin angular momentum of a partially filled 4f shell. These 
electrons are shielded by completely filled 5s and 5p shells and thus the 
magnetic properties of these ions are not greatly affected by bonding and 
crystalline field perturbations. An additional result of the shielding of 
these electrons is that the free ion optical properties, especially those 
associated with the intraband 4f electronic transitions, are not signifi-
cantly affected when the atoms are incorporated in a solid. It is there-
fore a good first order approximation to analyze the optical pumping effect 
based on free ion energy levels. 
Terbium has eight 4f electrons and the ground state is described in 
spectroscopic notation as 7F6 . The spin degeneracy 2S + 1 having a value 
7 corresponds to a net spin moment of 4 s = 64B where 4B is the Bohr magne-
ton. The first excited state for terbium is given as 5D4 , corresponding 
to 4s (excited) = 44B. Hence when the terbium ion is raised to its first 
excited state the spin contribution to the total moment has decreased 33%. 
Experiments 3 show that the rare earth sublattice moment is due primarily 
to spin angular momentum, i.e., the orbital momentum is quenched. When 
studying the characteristics of optical pumping on net magnetic moment it 
is reasonable to consider only the change in spin. 
The first excited state corresponds to a spin flip transition and 
as such is not normally allowed. Actually this selection rule generally 
does not hold rigorously in solids, especially in the rare earths where 
strong spin orbit coupling causes admixtures of different orbital parity 
which in turn produce finite transition matrix elements. However to keep 
the pumping expression completely general we consider a three level system. 
In this scheme an incoming photon excites an ion in the ground state, state 
1, to a short-lived intermediate state, state 3, via an allowed transition. 
5 
The ion then is assumed to relax, via an electron phonon interaction, to 
the spin flip state 2. 




= - b13n1 w21n2 w31n3 
n2• 	= w21n2 w32n3 
n3
• 
	= b13n1 	 w32n3 
where n n2' n3 
 = number of ions per cm3 in states 1, 2, 3, 
respectively, 
b13 	
= transition rate for ions going from state 1 
to state 3, 
w's 	= relaxation rates. 
These transitions are shown diagramatically in Figure I-1. There is in addi-
tion the constraint given by 
n1 
4- n
2  + n3  = NT 
where NT = total ions in the system. In the steady state, n 1 = n2 = n3 = 0 
and the second rate equation in conjunction with the constraint yields 




Making the assumption that state 3 is very short-lived with respect to 
state 2, we have w32 >> w21 with the result, n2F NT - n1F, 
 i.e., state 
3 is essentially unpopulated. If in addition w 32 >> w31 the second and 
third rate equations, in conjunction with the approximation n 2 = NT - ni , 
results in a two-level approximation for n 2 of: 
n2 = b13
n





+ n2 in this approximation we find the steady state solution 
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Figure I-1. Diagram of the transitions involved in the transition rate 
equations of the assumed optical pumping process. 
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These last two equations describe the steady state population of level 2 
and the time constant required to reach it in terms of transition and re-
laxation probabilities. 
At first sight it might be assumed that the coefficient w and b are 
simply the Einstein A and B coefficients so often discussed in laser theo-
ry. This is, however, not the case. The Einstein rate equations are based 
on the premise that the radiation inducing transitions between states can 
be described in terms of a radiation density I(v), and that the spectral 
distribution is very broad with respect to the line width of the absorp-
tion. In the case to be considered in this research the absorption line 
will be excited with a monochromatic laser source. Hence the radiation 
line width is very narrow with respect to that of the absorption line. 
Following the general line of development leading to the Einstein 
relationships, it has been possible to derive quantum mechanically the ex-
pression for the transition probability for absorption in the monochroma-
tic case. It turns out that one must consider excitation not to a single 
higher state but a distribution of higher states described by a density of 
states n(w) states/unit frequency/cm . The result as developed in Appen-
dix I is 





	nun. = electric dipole moment matrix element associated with 
the ground state k and a state m in the upper density 
of states, 
incident monochromatic radiation intensity. 
It is possible to determine intm
12 
from optical absorption measurements. 
The absorption coefficient K can easily be shown to be related to the 
transition rate b as 
K bNPw I (1. 5) 
where 	N = number of atoms/cm3 , 
hw = energy between ground and excited levels. 
From this it is seen that 
2 	3ch  K . , 2 	/ 
47 Nummu 
To a first order approximation we can assume that the distribution of 
states is uniform. Since the integral 
J n(w)dw = N, 
line 




n(w) 	N/Lw 	 (1.7) 
where Ew = half width of the absorption line. Therefore, from (1.6) and 
(1.7) we can estimate the dipole moment matrix element from the amplitude 
and width of the measured absorption characteristic. 
The spontaneous emission from an excited state n(w k)dw is: 
dws 	3 	Mkra l 2 n(wk)dw 
Sic 
and integrating over the upper level, the total spontaneous transition rate 
to ground becomes 
4wkm3N 
ws = 3hc- 
• 
We find therefore, neglecting stimulated down transitions, that the w/b 
ratio is given simply as: 
8ITCAE 
X 3 I 
( 1.8) 
where 	LE = the energy half width of the absorption line, 
= wavelength of the absorption peak. 
It is observed from equation (1.2) that the w/b ratio is the only factor 
determining the population of the excited state. 
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D. Potential Feasibility of Optical Pumping 
There is experimental data available in the literature showing the 
relationship of coercive force versus temperature for the rare earth iron 
garnets near their compensation temperature. 4 In general it is found 
that a 2D C swing from the compensation temperature will cause a reduction 
in H
e 
by a factor of two. The iron sublattice remains nearly constant 
over such a small temperature differential at the compensation point. In 
addition the rare earth sublattice is essentially paramagnetic and hence 




since Curie temperature is much smaller than temperature range of interest. 
In the vicinity of the compensation temperature the percentage change of 
rare earth can then be approximated as 
AM = 1 
	T 
 
(To + AT) 
We can estimate the required number of excited rare earth atoms to achieve 
this change in M by using the high temperature approximation of the Brill-
ouin function to describe the moment of the paramagnetic sublattice. Thus 









= Weiss Molecular field, 
K is simply a constant of the system. 
If there are NT total rare earth ions, and n 2F are excited so as to have 
a different spin quantum number, the total sublattice magnetization is 
M = K [n2F Se (S3 + 1) -I- (NT - n2F )Sg (Sg 	1)] 	
(1.10) 
where 
	Sg  = spin quantum number in the ground state, 
S
e = spin quantum number in the excited state. 
The change in magnetization can then be written as 
n 	- 	S (S +1) 
= 	[ e e  
AM NT L' s 
g 
 (s +1) J 
g 
Thus the population of optically excited atoms necessary to achieve a 
change in M equivalent to a AT excursion from compensation is 
Tc  [ 1 - 








[1 	S  g (S g+1) I 
Since Se = 4, Sg  = 6 and Tc = 2Ji-6° K for TbIG the population requirement of 




= 0.0135 	or 1 .35% 
Knowing the desired excited state population, it is now possible to cal-
culate the radiation intensity required. From equations (1.2) and (1.8) 
we obtain for the case n2F << NT 
( 8ncAE ( n2F ) 	erg  
X
3 	N
T f sec • mn
2 (1.13) 
In terbium iron garnet the absorption line of interest occurs at a wave- 
length of X = 5000A. Experimental measurements carried out during this 
research indicate the line width to be AE 0.2 ev. From this we can es-
timate the intensity required to produce an excited state population of 
0.02 NT to be 
I = 3.85 x 1010 	 = 3.85 x 107 watts/m2 . 
sec • cm 
 
Even though this is a high power density in terms of conventional radia-
tion sources, it is easily achieved with a focused laser. 
The output beam of a laser is nearly completely parallel, diver-
gence being of the order of several miliradians. Thus high intensities 
can be achieved simply by focusing the beam to a small diameter spot.. For 
memory operation it would be desirable to have storage regions no larger 
than 10 microns in diameter. Actual size would be limited by the require- 
ment of having a stable magnetic domain wall around the spot. Experimental 
13 
results 5 indicate 104 is easily obtainable. To achieve a power density of 
approximately 4 X 107 watts/m
2 
over a 104 spot requires a total power of 
only 
P = 3.14 milliwatts , 
It therefore appears that the concept is indeed feasible. We can 
not be certain that the line observed in the absorption spectra is the de-
sired terbium transition; however, the following sections present suffi-
cient evidence that it is, to justify the carrying out of a complete pump-
ing experiment. The following sections explain in some detail the optical 
measurements and data reduction and a thermal analysis of the proposed 
memory geometry. In addition we give an outline of the theoretical analy-
sis which is ultimately necessary if a complete understanding of the mag-
neto-optic effects is to be obtained. However, because of lack of time and 
funding during the present contract, it was impossible to carry out the ac-
tual pumping experiment. It is strongly recommended that a follow on pro-
gram be initiated to carry out this crucial experiment. 
1)4 
II. EXPERIMENTAL RESULTS AND ANALYSIS 
A. Introduction  
During this contract experimental facilities were designed and 
assembled to grow single crystals by the molten flux method and perform 
optical reflectivity measurements. In addition two computer programs were 
written to perform reduction of the reflection data into optical absorp- 
tion. This section will describe the experimental apparatus and the re-
sults obtained from the experimental phase. 
B. Crystal Growing Facility 
A vertical tube furnace was designed which is capable of ultimate 
temperatures of 1300°C. The heating element with its associated alumina and 
fittings can be purchased as a complete set from Kenthal Corporation. The 
unit used in this furnace is Kenthal Type No. REH-7-30 rated at 1350 watts. 
Figure II-1 shows a cross-sectional drawing of the unit and Figure 11-2 
is a photograph of the complete oven and power supply. During operation 
it was found that the gases evolved from the molten flux reacted with 
the Kenthal heating element causing failure after about 800 hours. To 
overcome this problem it is necessary to insert a protective alumina tube 
inside the heater. The oven requires 24 volts at approximately 60 amps. 
A silicon controlled rectifier power controller feeds power to the oven 
through a 115 volt to 2L volt transformer. The circuit diagram is shown 
in Figure 11-3. The SCR network is a zero cross-over firing network pro-

















Fig. No. 2.1 Cross Sectional View of Crystal Growing 
Furnace 
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Fig. No. 2.3 Silicon Controlled Rectifier Power Switch 
80602 
60412 ANALOG 901 





Fig. No. 2.4 Circuit Diagram of Programmed Temperature 
Controller 
Using this approach there is no large dI/dt during turn on and hence a min-
imum of R.F.I. Large transients can cause serious interference with the 
logic of the controller and therefore are to be avoided. 
The temperature controller and rate generator are designed to pro-
vide a uniform temperature rate with respect to time of 0.5 ° C/hour. The 
sensitivity of the circuit provides for a temperature swing of no more than 
± 0.2° C around the programmed temperature profile. A circuit diagram of 
the controller is shown in Figure II-4. 
C. Reflectivity Measurements  
This research has resulted in the first quantitative data of the ab-
sorption spectra for single crystal rare earth iron garnets in the 2 to 5 
ev range. This was possible because of the application of reflectivity 
techniques to determine the complex index of refraction. Data have been ob-
tained on GdIG, TbIG and DyIG for both natural faces and mechanically pol-
ished surfaces. The results show no significant differences. The raw data 
has been completely analyzed for GdIG and TbIG; however, the DyIG data has 
only been carried through the calculation of reflectivity. 
The crystals studied were grown from a lead fluoride-lead oxide mol-
ten flux and as a result contain a number of impurities, especially lead, 
which may contribute to some of the observed absorption spectra. We have 
not analyzed these effects in detail; however Table II-1 indicates 
the impurities detected as a result of an emission spectrographic run. 
20 
Table II-I 
Impurities Detected  in Rare Earth Iron Garnet Crystals 
Impurity TbIG GdIG 










Calcium 0.002-0.02% 0.02-0.2% 
Aluminum 0.0002-0.002% 
Terbium Strong 0.001% 
Erbium 0.1-0.5% 
A diagram of the reflectivity apparatus is shown in Figure 11-5. 
The light source is a high pressure type B-H6 air-cooled mercury vapor lamp 
and is focused on the monochrometer entrance slit with a metallic spherical 
mirror. Slit height is restricted to approximately 0.5 II 	1 to reduce the 
solid angle subtended by illumination at the crystal surface. The mono- 
21 
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LIGHT TIGHT ENCLOSURE 
Fig. No. 2.5 Reflectivity Apparatus 
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chrometer is a standard quartz prism instrument. Exit slit width was main-
tained at 0.3 mm yielding an effective bandwidth of 0.04 to 0.12 ev over 
the range of the measurements. A quartz lens images the exit slit on the 
sample and is aperatured so that the included angle of the light incident 
on the crystal surface is less than 2. The angle must be kept small as 
the analysis of the reflectivity data is sensitive to variations in angle 
of incidence at the sample. A Glan. Thompson prism is used to polarize 
the light parallel to the plane of incidence. The photomultiplier tube 
and sample are mounted on concentric vertical shafts which allow indepen-
dent angular positioning around a common center. A series of accurately 
machined indexing stops permits reliable angular settings. In addition, 
the sample may be lowered completely out of the beam for measurement of 
incident intensity. The EMI 9601B photomultiplier is rotated around its 
longitudinal axis to a position where its gain is insensitive to varia-
tions in the earths magnetic field it experiences as the assembly is ro-
tated in a horizontal plane during the measurement process. 
D. Data Reduction 
Reflectivity at an air-material interface is a function of the real 
and imaginary components n and k of the refractive index, the polarization 
and the angle of incidence and is described analytically by the well-known 
Fresnel equations. Using light linear polarized in the plane of incidence 
and measuring reflectivity at two different angles of incidence provides 
sufficient information to uniquely determine n and k. The transcendental 
nature of the equations however prevent a closed form solution. To over-
come this problem we use a modification of a computer algorithm proposed 
by Hunter.
5 
Given initially assumed values of n and k the computer solves 
the Fresnel equations, at the two angles of incidence used in the experi- 
23 
ment, and computes an error between the calculated and actually measured 
reflectivities. The error expression used is 
E = [(Rm (01 ) - Rc (0 1 ))/Rm  ( 0 1 )1 2 	[(Rm (02 ) - Rc ( 8 2 ))/Rm ( 0 2 )] 2 
where R
m
(8) is the measured reflectivity and R
c
(8) is the computed reflec-
tivity at the same angle for the assumed n and k. A systematic search over 
the n-k plane is then carried out to find the point resulting in minimum 
error E. Our results were obtained with an increment of n and k of 0.002. 
This technique overcomes many of the problems associated with carrying out 
a Kramers-Kronig integral analysis. The actual ALGOL program used is 
reproduced in Appendix II. 
From the computed n and k characteristics the details of the light-
material interaction can be evaluated by studying the optical conductivity, 
a=2nkw or the more familiar absorption coefficient, k=2kw/c. Information 
of the absorption fine structure is obtained by approximating the absorption 
coefficient with a series of Lorentzian shaped lines as: 
K. 
1  K(E) = K o 	 (ri/2) 2 (2.1) 
where K
o 
is a constant absorption level under the fine structure and i is 
a number to denote different lines. The fit is performed by manually ad- 
justingtheparametersi
i til a satisfactory series approxi- 
mation is reached. There is of course no guarantee of a unique solution; 
however from a practical point of view one can place reasonable confidence 
in the general nature of the results. For each absorption line the oscil-
lator strength is then calculated as 
24 
mn(E.)c 	 n(Ei )Ki 







where n(E.) is the real part of the refractive index at E 1 , N is the num-
ber of absorbing atoms per cubic centimeter, K(E i ) = Kii(Fi/2) 2 is the ab-
sorption coefficient of the ith line and E. = I. is the half width of the 
ith absorption line. 
E. Evaluation of Data and Results  
Figure 11-6 shows plots of measured reflectivity as a function of 
energy for samples of GdIG and TbIG. The data were taken on (111) planes, 
these being perpendicular to the magnetic easy axis in the rare earth 
iron garnets. It is interesting to note the similarity of the fine struc-
ture in the GdIG data above 3 ev with that obtained by Grant6 for YIG. 
Our data shows reflectivity peaks at 3.15, 3.35, 3.72, 3.90, 4.10, and 4.35 
ev. Grant reports peaks in YIG at 3.14, 3.35, 3.74, 4.04, and 4.35 ev. 
One would therefore tend to conclude that most of these lines probably are 
transitions associated with the iron sites since these are common to both 
YIG and GdIG. Note however that the 3.9 ev line does not correlate with 
the YIG data and might well be associated with the first excited state 
transition for gadolinium which occurs at 3.85 ev in gadolinium chloride. 
The strong peak at 4.35 ev is probably a charge transfer transition, mask-
ing the second gadolinium transition which should appear somewhere around 
4.32 ev. There is reasonable but not exact correlation with the "charge 
transfer" lines in the TbIG data. Here the prominent peaks above 3 ev 
are at 3.02, 3.25, 3.54, 3.70, 3.95, and 4.35 ev. These appear in general 
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Fig. No. 2.6 Plots of Measured Reflectivity 
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relative spacing and amplitudes seem to indicate they are probably due to 
the same transitions. 
Note however that below 3 ev the terbium data contains some rather 
prominent structure which is not duplicated in the GdIG. This extra struc-
ture might be anticipated in TbIG if the rare earth electronic transitions 
are observable for it is known that terbium has a number of excited states 
in the visible range while Gd does not. Of particular interest is the 
line at 2.45 ev. It is known from data on hydrated terbium chloride 7 that 
there is a terbium absorption line at about 20,600 cm -1 ,  .e., 2.54 ev and 
Keller and Pettit8 have observed this transition in fluorescence in terbi-
um doped YGG. The 0.1 ev difference in this sample is consistent with the 
other data and thus leads to the possibility that the line could be due to 
terbium absorption. 
Figures 11-7 and 11-8 show plots of the real and imaginary compo-
nents of the refractive index, n and k, for GdIG and TbIG. In general they 
reflect the structure apparent in the reflectivity data. It is to be noted 
however that the imaginary component k appears to demonstrate some effects 
of the terbium spectra. Comparing k in Figures 11-7 and 11-8, we see that 
TbIG exhibits a broader spectrum in the 3.2 ev to 3.6 ev range and much 
more pronounced lines at 3.9 ev and 4.1 ev. This is consistent with the 
Tb3+  ion spectra reported by Dieke and Hall,
7 
which has been included in 
Figure II-8 for reference. 
Figure 11-9 shows the absorption coefficient for GdIG computed from 
the values of k from Figure 11-7. The graph shows an apparent base in the 
absorption constant at about 1 x 10 5 to 2 x 10 5 cm-1 with some additive 
fine structure between 3 and 5 ev. MacDonald et al.
9 
have measured an ab-




on 0.14 thick films, their data 
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Fig. No. 2.7 Calculated Components of Refractive Index 
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Fig. No. 2.8 Calculated Components of Refractive Index 
N=n-jk of TbIG 
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Fig. No. 2.9 Absorption Spectrum for GdIG Single Crystal 
30 
agreement is therefore considered to be satisfactory. By assuming a con- 
stant absorption of 1.3 X 105  cm-1  over the energy range between 3 ev and 
5 ev the GdIG fine structure has been approximated with a series of Lor-
entzian shaped lines. The individual lines are also shown in Figure 11-9. 
Error between the series approximation and actual absorption curve is less 
than 3% except at the lower energy end. 
In general, the half-widths of the individual lines appear to be 









. Table 11-2 gives the coefficient for the Lorentzian seas 
according to equation (2.1), and corresponding oscillator strengths by 
equation (2.2). 
Table 11-2. Lorentz  Series Coefficients for GdIG Absorption 
Line Energy (ev) 3.40 3.72 3.90 4.10 4.35 4.90 5.30 
K. 	X 103 (cm-lev2 ) 2.70 6.00 1.50 7.00 5.40 1.00 0.60 
F. 	(ev) 0.40 0.53 0.48 0.46 0.34 0.46 0.24 
fi X 10
2 
4.10 6.60 1.60 8.30 8.00 1.20 1.40 
Figure II-10 shows similar type data as Figure 11-9 except for TbIG. 
The lines of the Lorentzian series used to fit the absorption coefficient 
curve are also shown. The large wide line used at 3.5 ev may result from 
3+  the combined effect of the collection of Tb lines in that vicinity, 
broadened by exchange coupling. Table 11-3 lists the appropriate coeffi-
cients for the lines of the TbIG fine structure. The TbIG spectra contains 
lines which appear stronger and narrower than in GdIG. The total absorp-
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Fig. No. 2.10 Absorption Spectrum for TbIG Single Crystal 
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chosen a constant base line for the structure somewhat lower than in the 
GdIG calculations. A base absorption which increases from 0.5 x 105 cm-1 




at 3 ev and remains constant at that value 
to higher energies leads to oscillator strengths of the TbIG lines which 
fall into the same range as the GdIG spectra. 
Table 11-3. Lorentz Series Coefficients for TbIG Absorption 
Line Energy (ev) 	2.20 2.45 2.73 2.80 3.02 3.25 3.54 3.95 4.34 
K. X 103 (cm-1ev2 ) 	1.00 3.00 2.20 0.60 1.30 5.00 144 	25 	25 
F. (ev) 	 0.20 0.20 0.18 0.07 0.08 0.20 0.60 0.25 0.27 
An oscillator strength of f 10 -2 for the TbIG line at 2.45 ev 
appears large for a terbium ion spin forbidden intraband transition. How-
ever, the high spin orbit coupling in rare earth ions relaxes this selec-
tion rule considerably. It has also been shown that significantly en-
hanced transition probabilities result from exchange coupling, and Grant 6 
has discussed the enhancement associated with coupling of spin forbidden 
levels to charge transfer levels through spin-orbit and vibronic coupling. 
Thus an oscillator strength of this magnitude may not be too unrealistic 
for a Tb3+ transition in TbIG. 
The spontaneous lifetime of the excited state for the 2.45 ev ter- 
bium line computed from the oscillator strength is T 	10
-6 
seconds. This 
is consistent with T 	5 X 10
6 
seconds obtained by extrapolating, to 100% 
Tb, the results of fluorescent decay measurements 10 in Tb substituted YAG. 
In the TbAG the concentration of Tb ions is comparable to that in TbIG, 
but there is no magnetic exchange to reduce T. 
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The line width, 0.2 ev, is large for a rare earth transition. In 
the garnets, however, the rare earth ions exist in a large effective mag-
netic field as a result of the superexchange coupling to the iron sublat-
tices. The result is a splitting of their levels. A simple effective 
field theory computation shows the effective field to be H eff 4 X 105 
Oersteds. If J is a good quantum number then the 7F6 terbium ground state 
will be split by LE = 2g413Heff .^-e, 0.04 ev, and the excited state, 5D4 will 
be split LE R-2. 0.03 ev. Therefore exchange field splitting can account for 
a line width of approximately 0.07 ev, about 1/3 the value computed from 
reflectivity data. However, the bandwidth of our monochrometer was about 
0.1 ev in this range thus producing an apparent line width somewhat larger 
than actually exists. 
Considering all these factors we feel there is indeed enough evi-
dence to propose the line at 2.45 ev is a terbium ion absorption. This in 
turn when applied to the equations for the estimated pumping power for mem-
ory operation (Equation 1-13) gives the previously mentioned estimate of 
3.14 milliwatts. We believe these results offer a strong basis for carry-
ing out the complete pumping experiment. 
F. Evaluation of Experimental Uncertainties  
In order for the previous results to be meaningful it is necessary 
to be assured that the errors in the data and reduction technique are neg-
ligible. To this end we have evaluated in some detail the potential sources 
of error and estimated their cumulative effect on the observed absorption 
spectra. 
The garnets have cubic symmetry, and cubic crystals are usually re-
garded as optically isotropic. But this cannot be true for these ferro- 
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magnetic garnets as they exhibit a detectable Faraday effect. The direc-
tion of their magnetization in any domain is a preferred direction. Far-
aday effect depends upon the magnetic component of the radiation and typ-
ically the splitting of the index of refraction for two polarizations is 
less than our uncertainties in measuring n, the index arising from other 
sources. The absorption of radiation which we observed was very strong, 
suggesting a first order (electric dipole type) interaction between the 
electric vector of the radiation and the electronic structure of the crys-
tal. Such absorption would not be strongly dependent on the orientation 
of the spins, the magnetization. These several things suggest that we 
did, indeed, measure index and absorptivity; measurements at known crys-
tal orientations and magnetizations would be required to completely set-
tle the matters, and these measurements we have not made. 
The basic measurements, the reflectivities,were subject to espec-
ial uncertainties when the reflectivity was low, and it was low (typically 
0.01) for all measurements at 70 degree angle of incidence. Imperfections 
on the crystal surface would scatter the incident radiation and the frac-
tion of this entering the photomultiplier would add to that truly reflec-
ted from the extended crystal surface. The scattered light became a small-
er fraction of the reflected light at shorter wavelengths where the re-
flectivity at 70° was higher. 
For incidence angle of 20 degrees this scattered radiation added 
negligibly to the measured reflection. 
This scattered radiation should not change rapidly with the direc-
tion of observation, and can be estimated from the radiation to the photo-
multiplier away from specular reflections. This correction was not system-
atically estimated for every observation as it could have been in principle 
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but available data indicates this raised the observed reflectivity at 70 ° 
 by only about 5 parts per hundred for green mercury light on a typical 
crystal. 
The measured reflectivity depended on the quotient of two measured 
intensities, both measured with the same photomultiplier tube, and associ-
ated circuits. The photomultiplier whose axis was horizontal, had to be 
rotated about a vertical axis to successively measure the direct beam in-
tensity, the reflected beam intensity for 70° incidence and the reflected 
beam intensity for 20° incidence. The gain of the photomultiplier is sen-
sitive to the direction of the earth's magnetic field through the tube. 
For the rotation about a vertical axis just described it was found that 
the gain could vary up to 0.04 of its magnitude. However, this change 
varied for different orientations of the tube about a horizontal axis, the 
axis of its cylindrical external envelope; a position was found for which 
the variation in gain for the several positions at which measurements were 
made was approximately 0.005, small enough that this systematic error was 
neglected in comparison to the uncertainties due to fluctuations in the 
light source and the scattering off surfaces afore mentioned. 
The high pressure mercury arc fluctuated in intensity over time in-
tervals of the order of a second. Fluctuations sometimes amounted to 0.1 
of the average reading. This was true at all wavelengths through the mono-
chrometer. Direct and reflected beam intensities were measured (rela- 
tively) by observing the photomultiplier current with an electrometer 
(Kiethley 600 A ) over several seconds and the average needle position was 
estimated by the observer. Typically, several readings at the three angles 
would be made; a particular observation would be repeated only after obser-
vation of the other two angles had been measured. This would bring in any 
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drift of period longer than the fluctuations. Usually there was no drift 
and a typical fractional variance of several observations had the square root 
of about 0.01. 
The electrometer specifications indicate that the measured current 
should be within, 0.03 of the indicated current. Consistency of readings 
when the scale was switched suggest that the relative consistency may be 
better than this, possibly as good as 0.01. 
The dark current of the photomultiplier was subtracted from each 
reading. Usually this correction was a small fraction of the reading it-
self and should not have contributed to the uncertainty of the reading of 
relative intensity. At short wavelengths (4 electron volts and more) and 
for 70 degree reflection the dark current was an appreciable fraction (up 
to about one third) of the total current. In these cases fluctuations in 
the dark current and the consequent uncertainty in selecting an average 
value would have increased the uncertainty of the relative intensity meas-
urement by a small amount. 
The "dark current" was observed in such a way that it included cur-
rent due to light entering the tube by routes other than the optical 
train. This portion of the dark current was usually negligible except for 
the direct beam. The measurements were made in a darkened room which re-
duced light of random direction that entered the apparatus to light from 
the partially shielded mercury lamp, itself,which might be scattered 
around the room. Stray light was often of negligible magnitude but it 
amounted to an increase in the observed "dark current" for the direct beam 
and the 70° reflection of up to one third on some observations. 
These several uncertainties in reflectivity measurements will be 
summarized before going on to their effect on the computed crystal absorp-
tivity. 
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Summary of Uncertainties in Reflectivity at a Given Angle  




Systematic 	Photamultiplier Orientation ± .005 
Relative Calibration of Electrometer ± .01 
Scattering Off Crystal Imperfections 0 - 	.05 
Angular Spread of Illuminating Beam Not Made 
Random 	Fluctuations of Light Intensity, Direct Beam ± .01 
Fluctuations of Light Intensity, Reflected Beam ± .01 
Resulting uncertainty in intensity of direct beam + .015 
Resulting uncertainty in intensity of reflected beam 
(not including scattering) 
+ .015 
Resulting uncertainty in reflectivity 
(not including scattering and effect of 
angular spread) 
+ .022 
Resulting uncertainty in absorptivity ± .0048 
Resulting uncertainty in absorptivity due to scattering 0 - 	.01 




Resulting uncertainty in absorptivity due to imperfect 
polarization 	 negligible 
* Slightly higher when dark current a sizeable fraction of current due to 
radiation. 
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The effects of these uncertainties on the absorptivity computed 
through the Fresnel equations has been estimated from the examination of 
the equations presented by Hunter (5) and from our own check. The complex 
index of refraction of our crystals falls in a region where the absorpti-
vity is not extremely sensitive to uncertainities in the observed reflecti-
vities. The region is that around n = 2 (real part of index), k = .25-1.0 
(imaginary part of index). Figure 8 of Hunter's paper indicates that the 
foregoing statement is correct. Our own computer programs gave for the 
ratios of change in k to the change in reflectivity as 
AK  
AR20o 
AK 	— .18 
AR70o 
This would indicate that our absorptivities should be correct within 
one part in a hundred, certainly better than we can believe. 
The wavelength at the center of our slit was correct to 10 or 20A, 
as close as we could read the scale of the monochrometer. This was 
indicated by a calibration with a low pressure mercury source. 
Our aperture was chosen to keep the beam divergence within one de-
gree each side of the specified direction and one degree each side of the 
plane of incidence. We have not analyzed the effect of this but Hunter's 
computations (his Figure 7) indicate the effect is small. 
The indensity of our beam was controlled by a pair of Glan -Thompson 
prisms which were set to deliver plane polarization approximately at 45 ° to 
the slit of the monochrometer. The monochrometer treated the two components 
. 07 
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differently but not very strongly so. The beam delivered by the monochro-
meter at any wavelength was somehow elliptically polarized, but the verti-
cal and horizontal component were of approximately equal amplitude. 
Another Glan -Thompson prism selected the horizontal component (the 
one in the plane of incidence at the crystal). This prism was adjusted to 
give minimum reflected signal at 700 . This adjustment was very sensitive 
and it is felt that the setting was certainly within 1/2 degree of the true mini-
mum. One half degree would give about 0.01 for the amplitude of the wrong 
polarization. This amount of improper polarization would produce no effect 
on the reflectivity at 70° or any other angle. That two prisms were crossed 
are capable of reducing the intensity of a beam by 10
-4
, has been checked, 
so we may conclude that the uncertainty from improper polarization is neg-
ligible. 
As a result of the above considerations we feel confident that the 
experimental errors are insignificant with respect to the accuracy required 
of the final results. 
4o 
G. Thermal Considerations of an Optically Pumped Memory 
In this section we analyze the thermal effects caused by the pump-
ing radiation. This is an important consideration in the use of garnets 
since compensation depends on temperature. As discussed in the interim 
report, however, application of true antiferromagnetic materials, e.g., 
MnCoO, would not be magnetically affected by temperature change. 
Any memory must dissipate the losses associated with reading it or 
writing into it. The heat balance is particularly important for the gar-
net memory here under consideration as the local temperature of the stor-
age elements must not deviate appreciably from the compensation tempera-
ture. 
Intense radiation is to be used to bring about the transition to 
render a memory element sensitive to an applied magnetic field,that is to 
"write" into it. After writing and the magnetic field is turned off it 
is necessary that the temperature not be high enough to uncompensate the 
garnet bit. 
There are several specific questions. First, there is the ques-
tion of the thermal history of a garnet bit that is at thermal equilibrium 
with its substrate subsequent to its being addressed by the write beam 
with just one pulse. More drastic is the situation for a particular bit 
that is addressed again and again because of some program requirement. 
The temperature pattern of the garnet for various cycle times is needed. 
A third question is the temperature response, to both address and cycling, 
of a bit adjacent to the one addressed.. 
Any temperature rise of the addressed bit may be tolerable if it 
cools off fast enough. 
The model we have used for these considerations is a layer of gar- 
net some 2 microns thick in intimate thermal contact with a substrate of 
glass or possibly other transparent material. A transparent substrate is 
envisioned to allow the memory to be read from the opposite side. 
Bits on this garnet film are to be located optically; no mechanical 
groove or other boundary is to separate the bits. One bit is envisioned as 
a disc 10 microns in diameter and the thickness of the garnet film. The 
separation of bits is to be two bit diameters or 20 microns, center-to-
center. 
For uniform illumination of the surface the 
dissipation will be uniform across the face of the disc and will fall ex-
ponentially with distance into the material. The pulses will be short, 
on the order of a microsecond- In order to have a tractable problem it 
was necessary to find some temperature distribution at the end of a pulse 
that would resemble the expected distribution and at the same time lend 
itself to computation. The choice was a radial gaussian pattern of temp-
erature in the plane of the garnet film about the center of a bit and a 
half-gaussian distribution extending from the surface on the side of the 
write beam through the garnet and into the substrate. 
2 2 	2 2 






Lice(t + T 1 ) 	 (2.2) 
1 
(2.3) 
4u(t + T 2 ) 
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where 	r = radius from center of bit, 
z = distance into garnet and substrate, 
= diffusivity of substrate and film. 
The expression for T satisfies the Fourier equation for heat conduc-
tion; T 1 and T 2 are chosen to give the desired initial temperature distri-
bution at the end of a write pulse. The multiplier N adjusts the magnitude 
of the temperature pattern. a for glass and for garnet are not dissimilar 
quantities and are taken to be the same. In numerical computations, the 
value chosen was a = 0.002 cm
2
/sec. 
The initial distribution can be chosen so that it is certainly 
everywhere higher than the temperature expected from absorption of a pulse, 
or perhaps more close to reality, it can be chosen to represent the same 
absorption of energy as the expected distribution. The first will certain-
ly give temperature changes that are too large, at all places and times; 
the latter will give temperature pattern that corresponds to the energy ab-
sorbed and has qualitative features that correspond to conduction out of 
the bit volume during the interval that the write beam is applied. 
The back of the substrate is to be kept at constant temperature. No 
conduction is contemplated off the surface of the garnet toward the write 
beam. A negative image of the above initial distribution behind the sub-
strate will satisfy the condition that the temperature of the back of the 
substrate will not change. However, for values of z that correspond to ex-
pected substrate thicknesses, one millimeter or more, the temperature change 
resulting from a pulse or a string of pulses is small enough on the assump-
tion of an infinitely thick substrate that the image has not been used. It 
could be introduced, however, if thinner substrates or different thermal 
properties warranted it. In the vicinity of the garnet the contribution of 
L3 
the image is negligible for the situation contemplated. 




were chosen to make i
1r 1 
and Y 3 z equal to one at t = o, the time cor- 
responding to the end of the pulse. T
1 
= 12.5 psec; T
3 
= 2 psec are 
the resulting values. 
A single pulse leaves the temperature of the bit and its surrounding 
volume elevated. The temperature at the origin immediately begins to fall. 
Away from the origin the temperature typically rises and then falls. Figure 
II-11shows the behavior at the origin and at the surface of the garnet toward 
the substrate, r = o, z = 2 microns. T
o is the maximum temperature increase 
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Figure II-11 Time Dependence of Temperature at 
Excited Bit for 41sec duration pulse 
The temperature rise at the edge of the next bit, that is z = 0, r = 15 
microns, is shown on a different scale in Figure 12 . A single pulse will 
not produce sufficient temperature rise to upset an adjacent bit. 
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Fig. No. 2.12 Surface Temperature vs Time for a Point 15 
Micron From Center of Excited Bit. Note 
Scale Factor of 10-3 
0 
For cyclic address at some specified cycle period, At, the maximum 
temperature at any point can be computed by taking the maximum temperature 
at that point due to a single pulse and adding to it the temperatures cor-
responding to intervals of At forward to infinite time (corresponding to 
pulses whose maximum has already past), and backward to zero time. The 
resulting maximum temperature at the origin and at the edge of an adjacent 
bit are sketched in Figure II-13for various cycle times. The expressions 
for this maximum temperature rise are, 
F l0 3—  
r = 15k , z 0 
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Fig. 11.13. Maximum Surface Temperature Excursion as a Function of 
Cycle Time at the Excited Bit and an Adjacent Bit. T 
is Maximum Surface Temperature at r = 0 for Single Pulse. 
t 
(t+i)<  max At 
T(tmax + kAt) + 	T(tmax -tAt) 
k=0 t=1 
where tmax is the time for maximum temperature due to a single pulse. The 
first series converges very slowly for small values of At. It was evalu-
ated by carrying the series forward on a computer until a limit seemed im- 
minent, at t = t 2, say; then an upper and lower bound on the remaining 
max 
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respectively. 
Away from the cyclically addressed bit itself the temperature can be 
estimated closely by the concept of the average power to the bit (energy 
per pulse divided by At) spreading hemispherically from the origin. Even 
at the edge of the adjoining bit, just 15 microns from the origin, the tem-
perature computed this way is correct to within the temperature rise that 
occurs from a single pulse at that point. 
For spherical spreading and z = 0.1 cm, r = 0, typical figures for 
the bottom of the substrate, the computed temperature rise for a 10 4sec 
pulse period is only 0.0044 To (see below) so the neglect of the influence 
of the image is justified. 
For the model here used the relation between the temperature rise at 







which follows from 
= cp j $T(r, z, t = 0)27rdrdz 
0 0 
where 	c = specific heat of garnet and glass, 
p = density of garnet and glass. 
The average power associated with cyclic pulses that each produce tempera- 
ture rise To at the origin is 
2 3/2 
T 
cp 	2 7 
= 	6 	
rl 1  
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-TETT 2(At) (2.8) 
For hemispherical spreading of this power the temperature (average) 
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for At = 10 4sec, and for glass (a = 0.005 cm /sec) with the bit dimensions 
previously recited. This is substantially the same as given by the series, 
equation 2.4 and shown in Figure II - 13. 
Likewise, at the bottom of a substrate one mm thick 
= 0.0044 • 
To 
There is the further question of cooling the back side of the sub-
strate. To satisfy the spherical spreading envisioned the heat flux per 
unit area at the back surface of the substrate of thickness d must be 
1 2 
- k ( dT ) 	= _ k ( dT 1 d _ _  cPrl zlIT 	m d 
\ dz Jz=d 	\ dR i R 	4(At) T R- (2.11) 
49 
For glass, k = 0.002 sec cm degK , this requires, for a one mm thick sub- 
cal 
R is the cosine of the angle the radius vector to the point on the back 
surface of the substrate makes with the z axis. This has its maximum value 
at R = d, right on the axis. 
The heat transfer to the cooling fluid in contact with the back sur-
face can be represented by hT per unit area where h is the convection or 
heat transfer coefficient to the cooling fluid. To maintain the spherical 
spreading 
hT = 








On the axis, where the largest value of h is required, this gives 
h 
strate 
h _ 0.002 	 cal  




a value that can be achieved by water or forced air. 
If it is possible to pulse a bit volume of the garnet with radia-
tion that will allow it to be switched by an external field without raising 
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its temperature too much, then it should be possible to cool the whole 
memory plane; adjacent bits need not be adversely affected so long as a 
particular bit is not regularly switched more often than every 104 sec. 
This is for the configuration envisioned with 250,000 bits/cm
2
. 
The configuration here studied is not the best for keeping the tem-
perature rise to a minimum, although it is representative of the class of 
configurations for which the heat transfer is through a solid substrate. 
Lower, but not markedly lower temperature rises would occur if the "write" 
pulse entered from the substrate side; an analytical estimate for this case 
would be more difficult. If a cooling fluid could be located at the sur-
face of the garnet then lower temperature rises would result, but not by 
an order of magnitude unless the garnet layer could be made thinner. 
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III. CALCULATIONS OF ENERGY LEVEL STRUCTURE OF GARNET MAiLRIALS 
A. Introduction  
We have experimentally observed absorption structure which can ten-
tatively be attributed to the rare earth ion transitions. However, much 
uncertainty remains because there is presently no detailed knowledge from 
a theoretical basis to adequately describe the numerous other transitions 
taking place. This is true not only in the garnets studied here, but in 
most magnetic materials and represents a significant gap in the informa-
tion needed to truly characterize the interaction of light with the mag-
netic lattice. 
In order to provide a sound basis on which our experimental work 
could be built, an effort was extended towards evaluating what techniques 
appeared feasible in providing a reasonably accurate theoretical evaluation 
of the atomic nature of the absorptions occurring in the energy range of 
interest. As a result of this study we have established the basic ground 
work to complete such calculations but because of funding limitations it 
has not been possible to carry out the actual calculations. 
There are essentially three types of calculations which might be per-
formed to analyze the energy level structure of the materials under study. 
These are complete band structure calculations, crystal field calculations, 
and molecular orbital calculations. 
B. Band Structure Calculations  
There are a variety of approaches which could be taken under this 
general heading. In each case, however, a meaningful solution is only pos-
sible for a relatively simple crystal structure. In the rare earth iron 
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garnets the crystal structure is extremely complicated. It is possible to 
identify iron atoms in two different symmetry sites, octahedral and tetra-
hedral, and the rare earth atom in a dodecahedral site. There are 64 of 
these basic symmetry groupings in a unit cell of the garnet crysta1. 11A 
review of the various possible band structure methods indicates that a so-
lution of this type would be hopelessly impractical. In addition for the 
application being considered, i.e., the interaction of light with the 
solid, only a knowledge of the energy levels around k = 0 is required and 
a complete picture of the E vs. k characteristics is not needed. 
C. Crystal Field Calculations  
Crystal field calculations are the simplest of energy structure com-
putations to carry out, but they also provide the least amount of informa-
tion. In this approach the ion is viewed as if it were in space as a free 
ion except that it is in an electrostatic field resulting from the surround-
ing charged ions on adjacent lattice sites. This electric field is assumed 
to be small with respect to the internal ionic forces and thus may be con-
sidered as a perturbation potential on the free ion. The result is that 
the free ion energy levels are split and a redistribution of electrons take 
place at the new energy levels of the perturbed ion. 
It is generally found that rigorous calculation of the perturbing 
field due to adjacent atoms is not possible. A major reason for this is 
the distributed nature of the charge at the atomic sites. If however the 
perturbing atoms could be considered as point charges the potential could 
be calculated with any desired degree of accuracy. For example if the ion 
in question is surrounded by six perturbing ions located at the corners of 
a cube then the potential in the vicinity of the first ion would be given 
by: 
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V - 	3 + ---17- (x + y + z 
iR 
where 	R = distance from ion to the perturbing point charges, 
e. = magnitude of charge at perturbing sites, 
x, y, z, r = coordinates of electron. 
While the exact potential cannot be accurately calculated, its sym-
metry is that of the point charge distribution and in actual calculations 
the spatial expression in curved brackets is employed with an adjustable 
coefficient D to control the magnitude. To find the wave functions of the 
perturbed system it is first assumed they can be expressed as a linear com-
bination of the original unperturbed wave functions. This is valid since 
a characteristic of a complete orthogonal set of functions is that they 
may be used in linear combinations to form any other well-behaved function 
in the same space. Using a truncated. approximation, for example four terms, 
it is then possible to write the perturbed wave functions as: 
KA1 KB1 K01 KD1 
KA2 KB2 K02 KD2 
KA3 KB3 Kc3 KD3 
KA4 KB4 K04 KD4 
where 	T T2 --- are the perturbed wave functions 
TA' TBl --- are the original unperturbed functions 
and the K's are coefficients which must be determined. These latter are 




these assumed solutions it can be shown that the optimum values of the K's 
i.e., the ones which lead to an energy minimum are given by the following 
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where the H's represent "matrix elements" given as: 
HAA = j TA (Vcrystal field)TAdT 
 all volume 
* HBA 	 (' 'B 	crystal field )11).AdT etc 
all volume 
In the above, dT is the infinitesimal volume element. 
Since the unperturbed wave functions are known the matrix elements 
can in principle be evaluated, resulting in a number. This is assuming we 
could actually express the crystal potential completely. For (3.1) to hold 
for non-zero values of the K's it is necessary that the determinant of the 
H matrix must be zero. This leads then to the so-called "secular equation": 
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(HAA -E) HAB HAC HAD 
HBA (HB
B-E) HBc HBD 
0 
(H -E) 	HCD HCA HCB 	CC 
HDA HDB HDC (HDD-E) 
Solving this resulting set of equations, assuming the matrix elements are 
previously determined, results in four values of E. Each value of E, 
substituted back into (3.1) permits the determination of a set of K coeffi-
cients. In this example there are 4 values of E and four sets of coeffi-
cients. It is seen that each. E gives a different set of K's when substi-
tuted back into (3.1). Each set of K's then defines a different wave func-
tion of the perturbed ion. 
The above sketch covers the basic philosophy of the crystal field 
theory approach. It provides very useful results when applied to electrons 
in an inner unfilled shell provided the crystal field potential can be ac-
curately described. Because of the problems previously discussed this is 
not possible from first principles and the potential must be described in 
terms of adjustable crystal field parameters which can be manipulated to 
attempt a fit between experimental data and the calculations. While such 
parameters have been calculated for many specific materials each new sys-
tem must be experimentally determined. 
The major disadvantage however is that crystal field theory cannot 
account for electron transitions between anions and cations. This is be-
cause the new wave functions calculated contain terms of only one atom. 
Thus by its very formulation it can only be used to determine transitions 
within the shells of the ion considered. This limitation can be removed 
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if the concept is extended to a molecular orbital calculation where the 
perturbed wave functions are combinations of orbitals from both the cation 
and anion. 
Molecular Orbital Calculations  
It is assumed in this model that the solid can be considered as an 
ordered arrangement of molecular ions. This concept fits the garnets quite 
well since the crystal is composed of a, c, and d molecular sites. As pre-
viously discussed the a site is an octahedrally coordinated Fe ion surround-
ed by six oxygen anions, the c site is a dodecahedral configuration consist-
ing of the rare earth ion surrounded by eight oxygen ions and the dd site is 
a tetrahedrally coordinated iron ion. 
In a molecular orbital model it is postulated that the wave functions 
of the molecular group can be described by a combination of atomic orbitals 
from the constituent ions. It is easy to show that wave functions of this 
type will indeed provide for a transition between ions. For example consid-
er two molecular orbitals written as 
T 	= aT
d + bTL 'Ml 
YM2 	cY, 	dYL f 
where 	T
' 	
= molecular orbitals, 
Mi M2 
	
d' d ' 	
= atomic orbitals of central metal ion
, 
TL 	
= ligand ion atomic orbitals. 
Here the molecular orbitals are made up of a linear combination of atomic 
orbitals from anion and cation as proposed. The interaction matrix ele-
ment between these two molecular orbitals is simply 
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M = j HT dT Mi 	M2 
all 
space 
where H is the perturbation Hamiltonian operator inducing the transition. 
This becomes 
M = j (cY * + dT L /*) H(aT el + bydT 
, 
= ca j (T
d
/*HT
d)dT db j , L * HYL)dT 
, 	, 	 , 
+ cb j (Td ,
* 
 HTL)dT da 	* HYd)dT . 
Here it is apparent that inter-ion transitions are inherent in a molecular 
orbital excitation as shown by the last two terms. These terms are transi-
tion matrix elements between anion and cation orbitals. The significance 
of this is the potential capability it provides for explaining the rare 
earth iron garnet absorption spectra and how this spectra is related to the 
atomic states of the constituent ions. To date there has been no direct 
theoretical work which permits the calculation of these so-called "charge 
transfer" absorption lines in these materials. The following sections de-
tail the theory and mechanics of the molecular orbital approach. 
D. General eory 
If we include only the Coulomb interaction, the non-relativistic 




	r.. 	 (3.2) 
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j 
where H. is the Hamiltonian for the ith electron moving in the Coulomb 
.--4 	--, 
fieldofthenuclei,r..= 1r.- r.i, and r. is the position vector of the 
13 	1 3 	1 
ith electron relative to some chosen origin of coordinates. This form for 
the Hamiltonian assumes the Born-Oppenheimer approximation in which the 
nuclei form a rigid non-rotating framework. 
The presence of the electron repulsion term in (3.2) greatly compli-
cates the solution of Schrodinger's equation 
HT = ET • 
	
(3.3) 
In fact, direct solution has been attempted only for the simplest cases, 
such as diatomic hydrogen, and even in these simple cases, approximations 
are necessary. 
All practical methods of solution of (3.3) involve the concept of 
effective field. Each electron in the system is pictured as moving in a 
Coulomb potential composed of the potential due to the nuclei plus an addi-
tional potential due to the average distribution of all the other electrons 
in the system. With this conceptual picture, it is meaningful to speak of 
individual electron states 	and the solution to equation (3.3) can be 
approximately written as a product of single electron functions, one factor 
for each electron in the system (strictly, one incorporates spin, and the 
solution T is a linear combination of products where the combination is con-
structed to be antisymmetric in each electron pair). We will call these 
single electron functions Molecular Orbitals (MO's). 
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The classic method of solution of (3.3), using the idea of effective 
field, is the Hartree Forc Self-Consistent Field method (HFSCF). One 
assumes initial MO's; these are used to determine an average charge distri-
bution which, in turn, determines a potential distribution via Poissons' 
equation. This potential is used in the one electron equation 
HSCF 	= et 	 (3.4) 
to generate new MO's. The entire procedure is repeated until the "input" 
solutions agree with the "output" solutions to some prescribed degree of 
accuracy. In actual application, this method leads to a set of integro-
differential equations which are solved numerically, giving solutions in 
tabular form. 
An alternate procedure, developed by Roothaan in 1951, employs the 
concept of effective field, but does not use this field directly. Rooth-
aan's procedure is to assume that there exists a "best" set of MO's for 
the system, and that these MO's can be written as a linear combination of 
atomic orbitals (LCAO), where the atomic orbitals are usually selected to 
be Slater-type orbitals (STO) of the general form x = crm-s e -ar. STO's 
are discussed in various places in the literature. 	With this assumption 
the molecular orbital for the ith electron can be written 
(3.5) 
J 
where it is assumed 
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C . mi 
= (1' . " 5 (1'n) 
and then we can write: (note m L- n to get n L.I. MO's). 
,T, i = xCi 
= XC • 
If M is an operator, we define the matrix M by 
Mid = J 7(151Xj 
We then have 
j= C. *1-41C. 1 j 	-1 -j 
(3.10) 
In reference 1 the operator 
H = 	H. 
J 1 
(3.11) 
. v(1, . vdvy 
( 	1 	1 ) J.
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are called, respectively, the Nuclear-Field Hamiltonian, the Coulomb oper-
ator, and the exchange operator. The index 4 refers to the coordinates 
of the uth electron. The matrices of these operators in the AO basis are 
= j Hx dv 
Pq 	-p q 
S . 	= j x J.x dv -p 1 q 
(3.14) 
(3 .15) 
Ri,pq-p1 K.x qdv. 
	 (3.16) 
The Hartree-Fock Hamiltonian operator is defined by 







(a Ti - ki) , 	 (3.18) 
and the overlap matrix is defined by 





In terms of these matrices, it is shown that the appropriate eigenvalue 
equation is 
	
Pc. 	= E. SC. . 
-1 1 -1 
(3.20) 
The procedure used to solve (3.20) is as follows: an initial set of 
Cpq is assumed, and F is calculated, using (3.5), (3.11), (3.12), (3.13), 
(3.18). This F is used in (3.20) which becomes an ordinary eigenvalue prob-
lem with prescribed matrices. Of the resulting eigenvalues, the lowest n 
are assigned to the molecular ground state, and the remaining m-n are re-
gardedasexcited-stateenergies.TheeigenvectorsC.which result are used 
to establish new MO's and the cycle is repeated until the input Cpq and the 
output Cpq agree. This method obviously gives analytic MO's. The quality 
of these MO's as compared to those obtained from the classic Hartree-Fock 
procedure depends on the number of AO's used to form each MO, and is not a 
completely settled question. In practice, the LCAO-MO's are compared with 
the HFSCF-MO's, when available, as to detailed overlap, behavior at the ori-
gin, and total energy minimization. 
It has been found that, in the case of complex structures such as 
tetrahedral and octahedral metal complexes, even the SCF approximation in 
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either the classic or Roothaan form is beyond the capability of present 
computers. Such cases are currently treated by so-called semi-empirical 
methods. 
E. LCAO Treatment of an Octahedral Complex  
In this, and following sections, we will apply Roothaan's procedure 
to a particular system. This section is devoted to further discussion of 
the LCAO method, the role played by molecular symmetry, and the actual de-
termination of the secular equation for an octahedral complex. 
Using the conceptual picture of effective field, we have one-electron 
solutions to the equation 
= 	 (3.21) 
In general, if we have a complete set of states 	the solutions can 
be expanded in terms of the xi to give: 




 "  
or, if we multiply from the left by x., and integrate over space: i 
\L] a .
1j 




. P.. - c 
i . 
	= 0 	 (3.22) 
1 J  
J 
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Eouation (3.22) is an infinite-dimensional system of equations if a com-
plete set tKil is used. In practice, this is an untenable situation, and 
approximations are necessary. The customary approximation is to replace 
the complete set ixil by a finite set of states which are chosen to be the 
inner-shell, valence shell, and low-lying excited SCF one-electron atomic 
states of all the atoms in the molecule. These AO's are usually obtained 
in analytic form by applying the Roothaan procedure to each atomic system. 
They may be obtained in the form of linear combinations of STO's contain-
ing from 2 to 10, and even more, terms in the literature. 
We will describe the application of the semi-empirical method using 
the octahedral complex Fe06 as a vehicle. The geometry of the system is 
as shown in figure III-1. 
Fig. No. 3.1 Geometry of Coordinate System for Octahedral 
Site 
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We will assume that the metal inner shell and excited AO's do not contri-
bute appreciably to the MO's responsible for the observed spectrum of this 
complex. This seems to be the case in other octahedral complexes that have 
been treated by the semi-empirical method. Also based on other calcula-
tions is the assumption that we need only use 2p orbitals for the ligands. 
This is the most successful assumption for octahedral complexes; for tetra-
hedral complexes, it is found that 2s ligand orbitals must be included also, 
in order to obtain useful results. 	With these assumptions, our basis set 
contains 5-3d, 3-4p, and 1-4s orbital from the metal, and 3 x 6 = 18-2p or-
bitals from the ligands, for a total of 27. 
At this point, we introduce into the discussion the role played by 
the symmetry of the molecule. If we were to construct the matrix represen-
tation of the Hartree-Tock Hamiltonian using the present basis set we would 
have 
F = ( j x.Fxj dv) 	1 i , j 	27 
with essentially all entries non-zero. If we knew F we could, at this 
point, proceed to solve (3.22). However, we would not be taking advantage 
of the symmetry of the system, and our solutions would be difficult to 
classify. What we should do is take advantage of the concept of reducibil-
ity. Due to the symmetry of the molecule, the Hamiltonian has octahedral 
symmetry. Consequently, the associated MO's should also have octahedral 
symmetry. That is, if the operations of the octahedral group Oh are per-
formed on a given solution, the resulting solution should describe the same 
physical situation as the original solution, and hence should correspond to 
the same energy eigenvalue as the original solution. This is not to say 
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the two solutions will be identical; in fact, they are linearly independent 
in general. What it means is, that given a solution, the transformations 
of the symmetry group can be used to generate a degenerate set of linearly 
independent solutions which form a closed subset of the basis set. By 
closed, we mean that the operators associated with the symmetry group oper-
ate on any linear combination of the members of the subset to give another 
linear combination of members of the subset. The closed subset is said to 
form an invariant subspace. 
The basis vectors for the invariant subspaces associated with the var-
ious point symmetries are available in the literature. These basis vectors 
are specific linear combinations of the set of AO's used as a preliminary 
basis set above, and are generally designated symmetry orbitals. On the 
following page, we list the symmetry orbitals appropriate to the present 
problem, and obtained from reference 13. We use 
i  to denote the 2p z orbi- 
tal of ligand i, and x i , yi for the 2px and 2py orbitals of ligand i. The 





= 14/7 (a l - 03 ) 
= 1/17 (62 - (54 ) 
 = 1//7 (05 - 06 ) 






211 = 1/5' 	+ 02 03 + 
Y3 - 6121 
7.-- 3 dx2 y2 
14 = 6
• 
122 = 3de 
Y5 = 6221 
= 1/2(61 - 02 03 - 04 ) 




= 0222 = 
T9 = 133  -
132 
= 
Y'7 = 6131 = = 
= 
T10 = 6231 
T
11 = 6232 
T12 = 233 
iT 13 
= 331 
= 1/2(y2 + x5 
 = 1/2(x1 + y5
 = 1/2(y1 + x2 
1/2(y1 - x5 
 = 1/2(x2 - y5
 = 
 
1/2 (x1 - y2 
= 1/2(y2 - x5 
 = 1/2(xl - y5 
- x4 - y6) 
- Y3 - x6 ) 
 -x3 - Y4)
x3 - y6) 
Y4 - x6) 
1- Y3 - x4 ) 
- x4 Y6 ) 
- Y3 x6) 
x3 Y4) 
1 
Y14 = 0332 
Y i ...1.5 = 6333 
't 
116 = 0141 
t
lg 
T17 = 6 142 
Y18 = 0143 
IlL 
Y19 = (5151 
t2u Y 20 = 6152 
Y21 = 0153 = 112(Y1 - x2 
Y22 = 6161 = 3d xz 
Y23 = 0162 = 3dyz 
224 = 6
• 
163 = 3dxy 
1l' 2 if 	= 0261 = 1/2(y1 1 5  
ir26 = 0262 = 
1/2(x2 
IT 	= 263 = 1/2 (x1 
+ x5 +x3 + y6 ) 
Y4 x6 ) 
+ yp + y3 + x4) 
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The combinations of ligand orbitals shown here have been normalized 
neglecting ligand-ligand overlap. This will be corrected below. The 
letters listed on the left indicate the type of irreducible representation 
for which the corresponding basis functions serve as basis vectors. To 
clarify this statement, a
lg 
indicates a one-dimensional representation of 
the symmetry operators of the molecular symmetry group. Either T I or T2 
may serve as a basis vector for this representation. e g  indicates a two-
dimensional representation, and either T 3 ,Tit or T5 ,T6 may serve as basis 
vectors for this representation. -L ig , tlu , t 2g , t2u indicate four differ-
ent three-dimensional representations. 
To explain the symbolGijk' we note that j represents the type of 
representation alg , eg etc. There are 6 in all. Corresponding to each 
type of representation, there will be several sets of basis vectors which 
may serve as basis vectors for the representation; e.g., either T3 ,T5 or 
T4 ,T6 for eg .  The index i labels a particular set within a representa- 
tion. Finally, the members of a given set are labeled with the index k, 
k = 1, . . , p where p is the dimension of the representation. We will 
find that p is the same as the degeneracy of the energy levels which will 
be associated with the LCAO arising from the basis vectors of a p-dimen-
sional representation. 
We quote the following results from Group Theory: If M is any oper-
ator which has the symmetry of the system, then 
Rule I 	 a027X M a$pk dv = 0 
















u 3 x3 
t2u 3x3 
t2g 3x3 






Rule II 	j coo,. M 1:38,17x. dv = 	act/7k M ac irk dv . 
for any k, X . 
As a final illustration, we show the general matrix structure of the ma-
trix representation of a symmetry operator in the symmetry orbital basis 
shown on the previous page: 
We will see that the number of times a given representation appears along 
the diagonal determines the dimension of the associated secular equation. 
If we now construct the matrix of F-6I in the symmetry orbital 



















Now we note that the condition that equation (3.22) have non-trivial solu-
tions is that: 
det = 0. (Fib 
	13 
With the present form for the matrix, (3.23) can be satisfied if: 
det (1), or det (2), . . . , or det (10) = 0. 
Thus we arrive at a number of secular equations. We will discuss them one 
at a time. 
(1) 2 x 2  






We note that F and S are Hermatian and real, hence F 12  = F21 and= 	. 12 21 
We will use this fact without comment below. We get two, generally distinct, 










e2 : a2 '{1 + b2 T2 
(2) 4 x 4 
F33 - 
633 	

















- 6566 i 










(same for 	Using this, and the prop- 
erties of determinants, our equation reduces to 
r 




L P35 - 35 	F55 - e 
where we have used
11  = 1. Thus we get two eigenvalues, each two-fold 
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Without bothering to write this one out, we use Rule I to get some 0 
entries, Rule II to show F =P =P• P = 	• 77 	88 	99' 10,10 	11,11 = P12,12' 
P13,13 
= P
14,14 = F15,15 , F7,10 = F
8,11 = 
P9,12; 5'7,13 = P8,14 = P9,15; 
(Same for 	and the properties of determinants P10,13 
= P
11,14 = F12,15 































We get three eigenvalues, each three-fold degenerate. The solutions are: 
3 	




13 ' e 1 
a13 a  y8  + b 1
3 T
11  + c13 T14 ' 
















3 T10 + c 2
3 T
13 ' 
3 T8 + b2
3 T11 + c 2
3 a2 
	T14 ' 
3 T9 + b2













Y10  + c3-1 T13 ' 
3 
a3 	3 +b3  Y11 	Y 3 	 	14 ' 
3 3 	3 a_ 	kir +b Y +c 	Is 3 9 	3 12 	3 15 
	
(4), (5), (6), (7), (8), (9) 	1 x 1 
These are orbitals which are neither bonding nor anti-bonding with 
the metal. The energies are just those associated with the atomic levels. 
(lo) 6 x 6  
We use Rule I to get 0 entries, Rule II to show F22,22 = F23,23 
F24,24 - 24,24 5,25 = F26 , 26 = F27,27 , F22 , 25 = F23,26 = F24,27 (Same for 
and use the properties of determinants to obtain: 
P22,22 	6 
F
22,25 - eS22,2 -  
det = 0 
P22,25 - '22,25 	F25,25 - e 
Thus we get two eigenvalues, each three-fold degenerate. The solutions 
are: 
10 	10 10 
e l a1 Y22 
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10 	10 a2 TI+bT 2 214 	b2 	27 
F. The Determination of Overlap Integrals  
In this section, we will constantly reference the diagram on page 65 
and the symmetry orbital list on page 68. We wish to calculate the basic 
ligand-ligand overlaps; the metal-ligand overlaps
12'3,5'7,10'7,13 
and
22,25 	 , ; 
and the symmetry orbital ligand-ligand overlap S
1013
, which is 
just a simple combination of the basic ligand-ligand overlaps. 
Ligand-Ligand Overlaps: We will use the shorthand notation 
P dv 
zl 2 
By inspection of the figure on page 14, we see: 
a = (01 102) 	(02 103 ) - (63 104) 	(61 104) - (01 105 ) 
= (GIN) = (02\ o5 ) = (02 106) - 
(03105) = 	03 106) 
(04 105 ) = (o4 166) 





X2 = (0,3,1) 
X3 = (-3,0,-1) 
514 = (-1,-3,0) 
X5 = (1,0,3) 
516 = (0,-1,-3)  




Y5 = (0,1,3) 




In order to determine the relations between the x and y ligand-ligand 
overlaps, it is convenient to use a geometrical device. We assign 3-space 
vectors to the x and y functions by the following prescription 
These vectors have a component of length 3 out the main axis on which the 
corresponding ligand is located, and a component of length 1 in the direc-
tion that the corresponding orbital is oriented. It is obvious that those 
vector pairs which have the same dot product will correspond to orbitals 
which have the same overlap. 
c7_ 	• 	512 	3 	512 	• 	513 = -1 
sc ]_ 	• 	i13 = —9 	512 	• 	=-9 
ill 	• 514 = —6 	2 • 	515 =351  
^ 
xl • x5 = 	512 • x6 — —6 
We have: 
513 	• 	ill+ 	3 
513 	• 	515 	= —6 
x3 • x6 = 3 
ill+ 	• 	515 
514 	• = 
• x6 	—9 -1 	X5 
3 
Xi • x6 = —1 
gl • g2 = 3 g2 • g3 	—6 g3 • g4 3 g4 • g5 = —6 y5 • g6 = —9 
9-1 g3 = —9 y2 • g4 —9 y3 • g5 = —1 g4 g6 = 3 
gl • g4 = -1 g2 • g5 = 3 	g3 • g6 = 3 
gl • g5 = 3 g2 • g6 = —1 
gl • g6 = —6 
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51/4 • 1 = -3 	C'5 * 1 = 6 	Cc6 • i"-1 = -3 
X4 •Y2 = -10 X5 •Y2 = 1 ;16 • 2 = -3 
= 0 X2 • -, = 1x3 •y1 = -10 
;11 •3?-2 = 6 	;12•3r2 	0 ;sc3 . 2 - -3 
A A 	 A A 	 A A 
xl •y3 = -10 x2 •y3 = -3 x3 •y3 = 0 
;‘c/I- • 3 = 6 	;15 • i"-3 = -3 	= 1 
X1 • 4 = -3 i12 •Y4 = -10 X3 •Y-4 = 1 
	
;14 •3'4 = 	;c5 • 4 = -3 	= 6 
'cl i isr5 	1 	;12•5 = 6 	;13 •31'5 = -3 
	
X4•Y5 = -3 	X5 •Y5 = 0 	X6•Y5 = -10 
= -3 	= -3 	= 6 
	
=x5•y6 = -lox6 •y6 = o 
Thus we obtain: 
c = (xi ly5 ) = (x2 1y1) = (x3 1y4) = (x4 1y6) = (x5 1 y2) = (x6 1 y3 ) 
d = (xi lx6) = (x2 1x3) = (x4 1x5 ) = (Yi lY4) = (Y2 1y6) = (Y3 1Y-5 ) 
e = (xi lx2) = (x1 1x5 ) = (x2 1x5 ) = (x3 1x4) = (x3 1x6) = (x4 1x6) 
= (YilY2) = (YllY5) = (Y2IY5) = (Y31Y4) = (Y3IY6 ) = (Y4IY6) 
f = (xilY4) = (x11Y6) = (x21y3) = (x21Y6) = (x31Y2) = (x3 1 Y5 ) 
= (x41Y1) = (x)1Y5) = (x03) = (x5ly)) = (x6IY1) = (x61Y2) 
g = 	= (x2 1 Y5)=((x3 1 Y6) = (x4IY3 )  = (x5 1 Y1)= (x6 1 Y4) 
h = (xl 1x4) = (x2 1x6) = (x3 1x5) = (yl ly6) = (y2 1y3) = (Y4137-5 ) 
k = (xi 1x3) = (x2 1x4) = (x5 1x6) = (yl ly3 ) = (Y2 1Y4) = (Y5 1y6) 
(xilY3) 	(x21Y4 ) - (x31Y1) 	(x4IY2) - (x06) - "61Y5) 
Next, we will re-express these integrals in terms of the basic two-
atom overlaps: 
S (CY 	U l f / r) 
R Y
,, 
where 	u, u 	S, p or d 
3, 5 i — o or 7 type of overlap 
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z i 
y, y i — M(Metal) or L(ligand) 
r — Separation between centers. 
We will perform the explicit transformation for one case, and list the re-
suits for the other cases. 
a = (o-1 1(72) = J Pz Pz dv 
1 2 
Fig. No. 3.2 Diagram of Two 2p z Ligand Orbitals in Original 
Coordinate System 
We perform a rotation of both coordinate systems such that the new z, and 
z2 axes point to each other (45
o rotation) 
Fig. No. 3.3 2p
z Ligand Orbitals Transformed in p & p 
Components 	 'cj 
We obtain: 





f (r2) 	gr ) 
Pz 
= r r z 2 	





P P dv -) 
zl z2 
0 by Symmetry 
2 J  P 'P 'dv - 
1 P 
z 1  2 	 y2 
0 by Symmetry 
'dv 	P 'P 'dv x1 
xi y2 
or: 
a = 2 S(PGL, PG", 	R) + 2  S(P7L, P7L, 	R) 
In similar fashion: 
b = S(PGL, PGL, 2R) 
= S(PTTL, PTTL , 	R) 
- S(PTTL, 13 1 12 ,✓7 R) 
e, f, k will not enter the final calculation 
g = 2  S(PGL, PGL,A R) +S(P 	 R) 2 	Tv PAL' 
79 
h = z S(PaL, Puri , ,/7 R) + 	
S(PTTL 
P, 	R) 
= - S(PTTL , P7L, 2R) 
We define a = 






y = 	(PQL,  P
GL' 
 2R) 
S = 	Pill, 2R) 
Then: a = 	+ 0)/2 
b = y 
= 
d = - 0 
g = ((y + 0) /2 
h = (ce + 0)/2 
= - S 
Ligand Symmetry Orbital Normalization: At this point, it is convenient to 
determine the correct normalization factors for the ligand symmetry orbi-





dv = 1 
= Ga 	G2 1- a 	a 	G 	G6 3 4 5 Y2 
Sc) 
J T2 ' 2 dv = 6 + 2(61 162) + 2(01 103) + 2(61 1G4) + 2(o1 io5 ) + 2(61 1o6) 
+ 2(62 163) + 2(02 164) + 2(62 105) + 2(02 166 ) 
+ 2(63 164) + 2(63 1a5) + 2(03 1a6 ) 
+ 2(a4 10-5 ) + 2(04 106) 
+ 2(a5 1a6) 
= 6 + 6h + 24a 
= 6 + 6y + 24 [I-- (cy + 
= 6(1+ 2+2+y) 
N
2 
= [6 (1 + 2ce + 2 $ 	y)] 2 
and 
Similarly 
N5 = [4 (1 - a - 	Y)] 2 

























(1 + a 
23 + S)] 
+ (3 - s)] -1 
All other pertinent normalizations are unity. 
510 , 13 	 s
10,13 
Metal-Tjgand Overlaps: We will write these out explicitly, using diagrams 
to show the type of overlap in each case. 
12 
= N2 	(4S) (61  +6,, +03 + a + 05 + )dv 
 
G2 







0° jrzaKA ',F. • 40415/2".... .<1  
L7777! 
Fig. No. 3.5 Diagram of Orbital Geometry for e g  Symmetry 










Fig. No. 3.6 Diagram of Orbital Geometry for t 111 Symmetry 
- 2N10 j (4 x)a1  dv 
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S7 13 - N13 J 
 (41)x) (y2 + x5 - x4 - y6 )(av 
Fig. No. 3.7 Diagram of Orbital Geometry for t 24 
Symmetry 
= 4N13 
j (4 x)y2dv 
2225 = N25 J 
r (3d xz  ) (y1 
 + x5  + x3 
 y + y6)dv 
0 
Fig. No. 3.8 Diagram of Orbital Geometry for t 2g 
Symmetry 
4N25 j (3dxz )y1dv 
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G. Hamiltonian Matrix Elements  
The diagonal Hamiltonian matrix elements will be estimated in 
terms of effective atomic ionization energies. The atomic valence state 
ionization energies (VSTE) for various starting configurations and net 
atomic charges are known. We assume that within the molecule, the atoms 
may be treated as fractionally charged with VSIE given by 
VSIE = Aq2 + Bq + C 
where q is the net atomic charge. If we have VSIE for a given starting 
configuration for q = 0, +1, +2; we can fix A, B and C. If we only have 
information about one or two charge states, we assume values for some of 
the coefficients equal to those for a similar starting configuration where 
the VSTF are known. 




























































Here, the VSIE are in units of 1000 am -1 , and q is in units of the electron-
is charge. 
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In the model we are using, the atomic orbitals chosen are those 
appropriate to the neutral atoms. What we will do for the Hamiltonian ma-
trix elements between metal orbitals is the following: We assign the metal 
atom-in-molecule an effective configuration (3d) d (4s) 5 (4p) P with an 
effective charge q = 8 - (d + s + p). We assume initial values for d, s 
and p, and for the corresponding q we evaluate the various VSIE using the 
table on the previous page. We then assume that the metal orbital Hamil-
tonian matrix elements can be represented by a linear combination of atomic 
VSIE, for ionization from the corresponding atomic level, for several dif-
ferent starting configurations. We select the coefficients in the expan-
sion as the simplest functions of s, p and d which will reduce the express-
ion to the known VSIE for integral charge states: 
H3  d,3d = (1-s-p) [dVSIE:dm] q  + s[dVSIE:dm-ls] q  + p[dVSH,
;:dm-lp] q  
- H45,45 = (2-s-p)[sVSIE:dm-ls] q  + (s-1)[sVS1E:dm-2s 2] q  + p[sVSIE:dm-2sp] q  
- H
4p,4p 
= (2-2-p)[pVSIE:dm-1P] q  + (P-1)[PVS1h:d
m-2p2]q  + s[pVSIE:dm-2sp] q  
With a particular starting set d,s,p we solve the eigenvalue prob-
lem for the system, and obtain the eigenvectors. We use the eigenvectors 
to calculate the effective charge in each of the metal orbitals, and thus 
the net metal charge. Having done this, we recalculate the effective VSIE 
by the preceding prescription, and solve the eigenvalue problem again, re-
peating the cycle. We continue in this way until the assumed configuration 
agrees with the calculated configuration. 
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To handle the ligand Hamiltonian matrix elements, we assume 
(13) 
+ 10,000 cm-1  (see Ballhausen and Gray, p. 130). For 
H2107,47 = H4a, 210G 
we use (VSIE:2p)/(1 + q/6), that is, the atomic VSIE for oxygen H2pu,2pa 
modified by a factor which accounts for the excess negative charge on the 
ligands. 
Symmetry Orbital Matrix Elements  
In the above, we have been discussing the atomic orbital matrix 
elements of the molecular Hamiltonian. To handle the symmetry orbital ma-
trix elements we must first consider the symmetry orbital normalization. 
The symmetry orbitals listed on page 68have been normalized neglecting 
ligand-ligand overlap. This was explicitly compensated for in later cal-
culation of the overlap integrals. We will now compensate for overlap in 
the Hamiltonian matrix elements. 




ik ik • 	
1, . . , 27 
with 
2 
= 1 aik 
k 
If we incorporate ligand-ligand overlap, we have: 
j i2dv = 	12 
N. 
a. a. S(ik,in) ik In 
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where S(ik,in) is the atomic overlap 
q? i0indv 
Using the fact that the atomic orbitals are normalized, we can write 
12 
	
+ 2 \L] a. a. S(ik,in) 
ik in N.
1 	k 	 k<n 
= 1 + 2 	aikainS(ik,in) 
k<n 









(We have already obtained expressions for the Ni on page 81 and Xi will 
appear in other expressions below). 




T.HY.dv 11 	1 1 
= N.
2 




== 	.1 	. Hik ik in
dv 
 
is the matrix element of the molecular Hamiltonian between atomic orbi-
tals. We can write this as: 
	
2 , 	2 










k 	 k<n 
To proceed further, we need some prescription for obtaining the 
off-diagonal matrix elements H ik,in . First of all we note that: 
1. If the atoms in the molecule are widely separated, the overlap 
between orbitals on different atoms vanishes. 
2. If the atoms in the molecule are widely separated, the molecu-
lar Hamiltonian operating on an orbital of a given atom is essentially the 
Hamiltonian of that atom operating on the orbital, and since the orbital 
is an eigenstate of the atomic Hamiltonian, the orbital is just reproduced. 
Thus for this case 
dv 	E. 	 = 0 ik in in ik in 
Thus, we see that the off-diagonal matrix elements of the molecular Hamil-
tonian between atomic orbitals vanish when the overlap integral vanishes. 
As a first approximation then,Hik,in  is taken to be proportional to the 
overlap integral S(ik,in), and the proportionality constant is taken to be 
- 
 2A










Next we note that for a given i, the I ik all have the same geometrical re-
lation to the remainder of the molecule, and 
Hik,ik 
should be independent 
of k, for fixed i. (This is just Rule II on page 70). So, finally: 
Hik ik = Hi 
i' (detemined from VSIE) 
H. 	. 
1 
2H.1 .' S(ik,in) (H1.. is negative) 1  
= N. 2 
	/ 





.. = (2 - N.
2
) Hi i ' 
For the off-diagonal symmetry orbital matrix elements: 
H. . = N.N. 	T.HY. = N.N. 	a. a. H. 	. i	1 j 1 j 	1 j ik jn ik,jn 
k,n 
	
= N.N. 	a. a 	(- 
1 j ik jn 
k,n 
H 	) S(ik,jn) j ik,ik n,jn 
- 2 N.N. 	a. a. 	 S(ik,jn) 
1 j ik jn 11 	jj 
kn 
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-2 	 H..' 	/ a. a. S(ik,jn) 11 	jj ik jn 
k,n 
or 
H. = - 2 477-7.-.77- 	. 1J 	 j j 1J 
Population Analysis to Determine Effective Charges  
TheHarecalculatedfromWIE,andtheoverlapintegralsare 
calculated directly. The H.. are determined by the preceding analysis (us-
ing assumed s, p and d for the first run). The eigenvalue equations are 
solved, and the eigenvectors are obtained. 	The molecular orbitals will 
then appear in the form of linear combinations of symmetry orbitals 
a7 = Ay
m 
+ BY 	+C '! 
We will apply the condition that the molecular orbitals and the symmetry 














L + CY I] 
 
    
     
+ 2AB 
MLa 
+ 2AC ML 7 + 2BC LaL7 








 + 2AC 	+ 2BC 	7 
This quantity is determined for each metal orbital, using all the 
individual molecular orbitals in turn, and the sum of all these quantities 
for a given type of metal orbital (3d, 4s, or 4p) determine the value of s, 
p or d to be used for that orbital. Once these numbers are found, the val-




H. Actual. Results  
During a no cost extension to the project, we carried out the molec-
ular orbital calculations outlined in this chapter. The programs were 
written in an extended ALGOL language called GTL (Georgia Tech Language) 
and contain constructs and library subroutines not generally available 
outside Georgia Tech. For this reason the actual programs used will not 
be copied into this report. They are, however, available to any interested 
persons simply by writing to the authors. 
The overlap integrals are computed by a numerical integration process 
rather than employing the tabular method previously used by other investi-
gators. This permits us to use complete self consistant field atomic 
functions. It is believed that we therefore have obtained more accurate 
overlaps than in any previous calculations. 
Computation of the actual eigenstates and eigenfunctions is carried 
out with programs written to solve n
th 
order secular equations and com-
pute the charge population of each orbital. In our solutions, we have 
achieved self consistant solutions with a manual approach. The programs 
are run from a remote terminal so the investigator is in direct communication 
with the running program. An assumed charge distribution is entered 
manually via the keyboard. The program solves the appropriate secular 
equations, determines the occupation of each orbital and then calculates 
and prints the resulting charge distribution. The operator compares this 
to what he originally inserted, modifies his estimate and inserts a new 
trial distribution. The process is repeated until the error between initial 
and final values is equal to or less than .02 electrons per orbital. 
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Figure 111-9 shows the calculated energy level distribution and 
observable transition energies for the octahedral iron site in the 
garnets. Figure III-10 shows the same type of data for the tetrahed-
ral site. The nomenclature of the various type orbitals is consistant 
with that usually found in the literature. Specifically, we have 
followed Ballhausen and Gray (13) in all our work. 
It should be pointed out that in addition to the energy level 
structure illustrated in figure 111-9 and III-10 we also have complete 
molecular orbital wave functions from which Faraday rotation can be 
computed. Faraday rotation calculations have not been carried out 
because of time limitations and our prime interest being the transition 
energy assignment. However, carrying out the Faraday rotation calcu-
lations would be another very important contribution to the magneto-
optic memory technology. This is a result of our present inability 
to a priori select materials with a high ratio of Faraday rotation to 
absorption. Using the programs and resulting wave functions of the type 
developed during this program, a theoretical evaluation of this key 
parameter could easily be carried out. Much time consuming and expen-
sive experimental work could thus be eliminated and efforts could then 
be directed to the materials indicating the greatest theoretical poten-
tial. 
For the purpose of this research contract, however, we are primarily 
interested in determining the location of rare earth ion transitions in 
the complex optical spectra. To do this the measured spectra is compared 

































ENERGY LEVEL STRUCTURE FOR 
GARNET OCTAHEDRAL SITE 
t lu  
4p 	a1g 




a lg 6 
METAL 	MOLECULAR ORBITAL 	LIGAND 
t1u — t1g 
t1u — t2g 
t2u — eg 
t1u — eg 






















































































Fig. No. 3.10 Energy Levels of Tetrahedral Fe 
Site 
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way we can identify and hence eliminate the iron transitions and hopefully 
locate the rare earth ion transitions. We believe in fact that this has 
been achieved and that both a terbium and gadolinium transition have been 
found. The results of this comparison are shown in figure III-11. 
Figure III-11 shows the experimentally observed transition spectra 
for gadolinium and terbium iron garnet. Peak heights are not to exact 
scale but transition energy is correct. As discussed in section II, we 
believe the TbIG lines at 3.25, 3.54, 3.95 and 4.34 ev are the same 
transitions as those at 3.40, 3.72, 4.1 and 4.35 ev in GdIG. This is 
based on their relative amplitudes and inter-line energies. The spectra 
do not overlap over the entire energy range because we were interested in 
the possibility of observing rare earth transitions. For gadolinium 
these appear between 3 and 5 ev and in terbium between 2 and 4 ev. 
The absolute location of the molecular orbital energy levels is 
somewhat arbitrary since the calculations involve two adjustable con-
stants. However we have used constants which gave a best fit approxi-
mation to the optical spectra of gadolinium orthoferrite for the 
octahedral case and MnOk for the tetrahedral case. The final results 
are the transition energy levels indicated in figure III-11. The 
observed transitions have been assigned to the theoretical lines as 
indicated by the dotted inter-connections. 
The fit seems amazingly good when considering the rather large 
approximations made in the theory. The relatively consistant fit leads 
us to believe the assignments are essentially correct. The result is 
that for the first time we have a valid means of predicting the source 
of the transitions at high energies in these materials and are able to 
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COMPARISON of THEORETICAL and EXPERIMENTAL 
TRANSITION SPECTRA 
ENERGY IN ELECTRON VOLTS 
Fig. No. 3.11 Comparison of Experimental and Theo-
retical Optical Transition Energies 
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Consider, for example, the t au orbital of the octahedral site. 
The eigenfunction as determined by the calculations is given as 
= 0.161: 4p + . 71E* 2p (G) + .56E1f 2p (TT) 
where the symbol * 410 simply represents the complete function for an iron 
atom Lip wave function and the symbols E* 2p (a) and E* 2p (17) stand for 
normalized combinations of oxygen 2p(o) and 2p(7) orbitals belonging 
to the same irreducible representation of the octahedral point group. 
, 
Note that (0.16) 2 + (.71) 2 + (. 56)
2 
	1. This is because the individual 
components are not orthogonal to each other and correct normalization 
must include the overlap terms. This has been carried out in the 
solution presented and the total wave function *(t 1µ) is in fact 
normalized. Now consider the transition lt
1 
- eg, The wave function 
for Eg is 
ilf(eg) 	= 	. 69 lif 3d - .83 :11 213 (la) 
ie it contains a significant fraction of iron 3d atomic characteristic. 
Such a transition has often been referred to as charge transfer since 
*(t
1
p) is predominantly oxygen in nature and *(eg) is significantly 
metal in nature. The same is true for the transition t
24
- eg. 
Another type of transition characterized explicitly by this analysis 







orbital is predominantly oxygen in 
nature as shown before. The t
lg 
orbital is completely made up of 
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oxygen atomic function. This is called a non-bonding level since it 
cannot mix with the metal wave functions. The t lg 
orbital is given 
as 
*(t ig ) = alt 2p7. 
The transition t - t
lg 
is therefore predominantly an oxygen-oxygen 
transition or more accurately stated it is a transition between molec-
ular orbitals of predominantly oxygen atomic characteristics. 
This is the first verification, to our knowledge, of a complete 
analysis of this type being carried through. The results provide 
the basic wave functions necessary to explain the reversal of Faraday 
rotation associated with the charge transfer type transitions. 
The line at 4.45 ev can not be accounted for by the molecular 
orbital energy levels. We believe that this line results from an 
impurity level possibly associated with lead flouride included in 
the samples. This line is not shifted, as the rest seem to be, and 
might therefore be explained on the basis of a non lattice dependent 
inclusion where the iron site transitions would be consistantly shifted 
from slightly different lattice spacings. 
The line at 3.9 ev for the gadolinium iron garnet shows no apparent 
correlation with the molecular orbital transition spectra and is therefore 
believed in fact to be a gadolinium transition. This is one line which 
therefore should be evaluated with a direct pumping experiment to evaluate 
the potential of the pumping concept. It has, however, the disadvantage 
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of being relatively high in energy and inconvenient to reach with con-
ventional lasers. Recently, ultra violent lasers have been introduced 
onto the market and the problem is not nearly so difficult to instrument 
today as it would have been a year ago. 
The resulting assignments have accounted for nearly all the observed 
lines. Disconcertingly we have been able to associate the 2.45 ev line 
with a tetrahedral iron site transition of the type t 1 - 2e. We had 
previously hoped this was the terbium 2.54 ev line shifted by a 
lattice distortion. It is still possible that the terbium transition 
makes up part of this observed transition. If this is the case, then 
it is possible that it can be more easily pumped than originally believed 
by borrowing energy from the overlapping allowed molecular orbital 
transitions. This needs further investigation. 
In an effort to answer the question of the presence of the terbium 
transition, we have taken additional reflectivity data in the vicinity of 
the 2.45 ev line. This subsequent data however was taken in a swept 
mode rather than point by point as previously. Figure 111-12 shows the 
measured reflectivity of 70
o 
angle of incidence. The large structure 
at 494 microns, ie, 2.5 ev is the line previously located at 2.45 ev. Note, 
however, the small but very definite reflectivity peak at 480 microns. 
This corresponds to an energy of 2.58 ev which is very close to the free 
terbium ion transition energy of 2.54 ev. This structure though relatively 
small is consistantly repeatable. The same structure does not show up 
0 
in the 20 reflectivity however. This could be due to the result of a 
change in relative angle between the incident light and axis of quanti-
zation of the material; however, we have not had time to pursue the 
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Fig. No. 3.12 TbIG Reflectivity Around 2.5 eV 
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the absorption line corresponding to the terbium ion transition. More 
data is required to establish the absorption coefficient. 
The results of these calculations have permitted us for the first 
time to explain the significant fine structure associated with the 
optical absorption spectrum of the garnets. By identifying those 
lines associated with the iron site transitions we have been able to 
locate the location of lines which are potentially useful for the pro-
posed optical pumping mode of memory operation. 
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VI. Conclusions  
This program has undertaken the task of evaluating the feasibility 
of optical pumping for modifying the local state of an antiferromagnetic 
film. We have theoretically analyzed the pumping process itself and 
associated thermal considerations. It is concluded that from a theo-
retical point of view, optical pumping is very attractive, offering 
potentially high access and cycle rates and low light power. 
We have grown gadolinium, terbium and dysprosium garnets and 
have published the first absorption spectra data for these type of 
bulk single crystals over the 2 ev to 5 ev energy range. This data 
was not previously in the literature and was needed to experimentally 
evaluate the transition probabilities for the pumping process. This 
work was presented at the 1969 Intermag Conference in Amsterdam. 
Finally, in order to understand the complex absorption spectra 
a theoretical molecular orbital calculation was carried out. The pur-
pose of this work was to attempt to locate those transitions due to iron 
ion sites and hence from the remaining spectra locate potential rare 
earth transitions. This was the first attempt to carry out such an 
analysis for the materials and it has been very successful. The results 
of this phase of the work have been submitted for presentation at the 
1969 Magnetism Conference to be held in Philadelphia. As a result of 
the molecular orbital calculations we have tentatively identified a 
gadolinium transition at 3.9 ev in GdIG and a terbium transition in the 
vicinity of 2.5 to 2.58 ev in TbIG. 
These results pave the way for the final step required to completely 
evaluate the optical pumping process. Time and money restrictions kept us 
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from instrumenting this final step in the overall feasibility study. It 
is believed that enough positive information has been obtained, however, 
to provide increased motivation to carry out this work. In addition to 
the garnets, we have proposed that certain antiferromagnetic materials 
such as MnCrO might be more ideally suited for the proposed pumping 
scheme. The techniques used to evaluate the optical properties of 
oxides developed during this contract could be applied directly to 
these materials. The potential for fast access high density magnetic 
memories achieved by optical pumping appears significantly great to 
warrant additional research in this area. 
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APPENDIX I 
DERIVATION OF PUMPING TRANSITION PROBABILITY 
The transition probability for the transfer of an atom to an 
energy state above ground level is calculated by first order pertur-
bation theory. We assume the radiation interaction is small and that 
the Hamiltonian of the atom can be expressed as 







, 	being eigenfunctions of stable n  states of the atom 
In general the perturbation is time varient, i.e., the radiation 
is not only periodic but is applied at t = 0, and hence the solution for 
the perturbed states must satisfy the time varient Schroedinger equation, 
i. e., 
Her = jh der 
dt 
We know the general solution for it  is separable into the product 
of spacially dependent and time dependent parts, or 
-jEt  
*(c",t) = 	h 
Since the unperturbed wave functions 
-jEnt 
n 
= n (r)e 	ft 
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form a complete orthonormal set, the perturbed wave functions can be 
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so Schroedinger's equation becomes 
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we can write, 

















The technique of solving for the C's is to multiply through both sides 











and integrating over all space, recalling that p dT = 
k 	kw 
we obtain 
-jE t 	 _jEkt 
C Flt Hjj 













The various approximations associated with first second -- etc. 
order of perturbation are found by describing H I as Hi (o) + XH
I 
and 
expanding the C's as a power series in X. Thus 
CO 
(jh)




where XH = j 	d7 
1 	k n 
and the approximation has been carried to the second order. Equating 







00 1E Cn (°) 
He 	= Ck 
(2) 







We are thus able to derive the first order perturbation coefficients 
from the zeroth order coefficients which we know are independent of 
time by the first equation. Since the system is assumed to be in the 











e 	 Ck 
and integrating both sides with respect to time gives 
(1) 	-1, 	jwt 
C 	= (jh ) J Hie 	dt. 
k 
If the interaction is independent of time then 












The probability of finding the system in state k at time t after the 
perturbation was turned on is 
2 	 2 











the interaction Hamiltonian operator, is given as 
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 (o) sin wt 
	; t 0 
Then for t>o 
(1) 	 —1 	 jwicm 
C
k 	
= (j1) 	H (o) isin wte 	dt 
or carrying out the integration 
-1 	 j(w + w) t 	j(wkm -w) t  
Ck
(1) 	 km 
-
- 
(jh) H (0) L e 	-1 - e 	 -1  j 
wkm w km non w 









4 I HI (°)1  
h
2  
1 - 2 cos (wkm - w) t 
(wkm w)2 
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where only the transition to the higher level state has been considered. 
If state k is represented as an energy level in a continuous density 
of states of an excited band then describing the band by 
N(w) 	states  
cm3 erg 
the probability of finding the system in any state between E k and Ek 
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n (w) dw. 
The interaction Hamiltonian for radiation of vector potential A 
is 
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The result is PD 
= w
2 
erg  -2 
217C IAoI2  sec cm 
I (Intensity of Radiation) 
2 
Making this substitution into 111 10 1 	and noting that if k>>(dimensions 
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sin21 (w - w) t 















so 	p = 	2 3ch 




rAp.radT i.e. the expected inter- 
action displacement so 
Integrating over w in order to find the probability of finding the 
system in the upper band - making the usual approximation 
2 
sin 2  (wkm - w) t dw 
2 
w - w 
n(w) 11\11 2t 
The transition rate then to the upper level is 
	
2 	 2 
47 transition  w - 	2 I n(w)1141 
3c1 	 sec cm3 	• 
J = -grit 
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APPENDIX II 
Computer Program for Computing n & k From Reflectivity Data 
ALPHA FILE,  IN Fl 14(1,5); ,- 
 ALPHA FILE OUT F2 14 (1,5); ,- 
 STRING STR1(200), STR2(72);(-





REAL PROCEDURE READATA;'- 
BEGIN REAL R; LABEL RD;'- 
RD: 	R:=READCON(FALSE);,- 
IF R=2 THEN READATA:-INREAL ELSE BEGIN- 
PRINT #$#; GO TO RD; END; 
END READATA;(- 





PRINT #LAMDA-#; ,- 
 LAMDA:=READATA;(-
 PRINT #VALUES FOR R20 R45 R70 ARE#;' 
R20:=READATA; R45:=READATA; R70:=READATA; ,- 
 PHI[01:=0.34907;PHI[1]:=0.78540;PHI[2]:=1.22173;( - 
DELTA:=0.01;,- 
AGN: FOR X:=0 STEP 1 UNTIL 2 DO BEGIN ,- 
N:=N0+(X-1),DELTAv-- 
FOR Y:=0 STEP 1 UNTIL 2 DO BEGIN- 
K:=K0+(Y-1)-,DELTA;.-- 
FOR L:=0 STEP 1 UNTIL 2 DO BEGIN,- 
SIPHI:=SIN(PHI[1]); CSPHI:=COS(PHI[1]); ,- 
 AA:=SQRT((N*2-(K*2)-(SIPHI*2))*2 + 4 (N*2) (K*2));4-- 
 AB:=N*2-K*2-SIPHI*2;(-- 
A:=SQRT(0.5 (AA+AB)); ,- 
B:=SQRT(O.5 (AA-AB)); ,- 
RSA:=(A-CSPHI)*2 + 
RSB:=(A+CSPHI)*2 + B- 
 + 
RPB:=(A+(SIPHI*2/CSPHI))*@ + 
RP[1]:=((RSA/RSB)---(RPA))/RPB; END;( - 
E[X,Y]:=(R2O-RP[0]*2 + (R45-RP[1])*2;4- 
+(R7O-RP[2])*2; - 
 END; END;<-- 
XMIN:=0; YMIN:=0;(- 
FOR X:=0 STEP 1 UNTIL 2 DO- 
FOR Y:=0 STEP 1 UNTIL 2 DO- 
IF E[XMIN,YMIN] GTE E[X,Y] THEN,- 
BEGIN XMIN:=X; YMIN:=Y; END; ■--- 
IF XMIN=1 AND YMIN=1 THEN GO TO ABSP; ,- 
 NO:=N0+(XMIN-1)-DELTA; KO:=K0+(YMINDELTAr 
GO TO AGN; ,- 
ABSP: 	ALFA:=(12.5664--NO KO 1@-07)---LAMDA;(-- 
PRINT #ALPHA # ALFA . 
PRINT #NO4NO #K0=#K0. 
Appendix III _ Radial Functions 
Radial functions for Fe  
4s and 4p: 
R4t = 	Xktckt,4 
k=4, -1-1 
Xkt, 
ls 4 - 0.02078 
	
Cgs4 	0.07052 



























(The radial function for 4p is that appropriate to (3d) 6 (4p) 2 ). 
3d : 
R3d = Clx3d (C1 ) 	C2x3d (C2 ) 











(The radial function for 3d is that appropriate to the neutral (3d) 6 (4s) 2 
 configuration). 
Radial functions for oxygen 
2s: 
M 
6 (24130 ) P° 	mpo_i -cpor 
R2s = 	 po,2s 
p=1 '1(2mpo)1 
	  r 	e 	c 
 
P 	M c) p 
1 	 1 
2 	 1 
3 	 2 
4 	 2 
5 	 2 
6 	 2 
Cpo Cpo,2s 
7.616 - 0.21979 





m + 1 
4 (2C 	pl 	
m 
2 .001 ) 
r pl-1 e -Cplr R 	 Cpl, 2p 2p 
V(ampl )! p=1 
P 	mp1 Cp1 	 Cpl 2p 
2p: 
1 2 1.1536 
2 2 1.7960 
3 2 3.4379 
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= 	B e -Lj r P 
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ciB  = 1.1536 	 B B1 = 0.2701984 	 M1  = 2 
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B 
 = 1.7960 	m2B = 2 B2 = 2 .8751313 
B
3 













B = 2 
3d : 
2 	r m C-1 
R
3d 
= 	C e 
p=1 
119 
= 80.1359965 Cl 
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Appendix IV - Explicit Forms of Atomic Functions for Overlap Integrals 
(2s) = 	 R2s (r) 
X. 
	 R (2pi ) = 	 (r) r
1 
7 	2p 	
(i = 1, 2, 3) 
= 
X.X. 




(3z - r ) 
r
2 
(3dx2...3,2 ) 1  R(r) 	(x2  y2) 
lrr 	
3d  
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